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ABSTRACT
Some new m easures o f s e n s i t i v i t y  a re  in tro d u ce d .
The id e a l  and p r a c t i c a l  a c t iv e  e lem ents a re  c l a s s i f i e d ;  r e l a t io n s  
a re  found among th e  id e a l  and a ls o  "between th e  id e a l  and p r a c t i c a l  
a c t iv e  e lem en ts . Some new id e a l  n e g a tiv e  impedance c o n v e r te r  (NIC) 
c i r c u i t s  a re  d e riv e d .
One v o lta g e  in v e rs io n  NIC (VNIC) and two c u r re n t  in v e rs io n  NICs 
(iNIC) u s in g  o p e ra tio n a l a m p lif ie rs  a re  d e sc r ib e d . The INICs have a 
common in p u t and o u tp u t te rm in a l earth ed .. The s t a b i l i t y  and accuracy  
o f  th e  INICs a re  in v e s t ig a te d .  The p aram eters  o f one INIC a re  m easured 
and th e  method o f measurement i s  d e sc r ib e d .
A new c o n f ig u ra tio n  i s  in tro d u ce d  which can  be used  i n  RC a c t iv e  
netw ork s y n th e s is .  In  g e n e ra l  i t  u ses  a  v o l ta g e -c o n tro l le d  v o lta g e  
so u rce  hav ing  a n e g a tiv e  g a in  o f o rd e r u n i ty  and a VNIC or an  INIC. 
Three s y n th e s is  p ro cedu res a re  d e sc r ib e d  u s in g  th e  new c o n f ig u ra t io n . 
Ways a re  in v e s t ig a te d  o f  m inim ising  th e  c o e f f ic ie n t  s e n s i t i v i t i e s  and 
th e  number o f p a ss iv e  elem ents in  th e  th re e  p ro c e d u re s ; th e  th re e  a re  
compared. Two o f  th e  p rocedures a re  u sed  to  s y n th e s is e  d e lay  netw orks. 
The two r e a l i s a t i o n s  a re  f i r s t  o p tim ised  and th e n  compared b o th  th e o re ­
t i c a l l y  and e x p e rim en ta lly  u s in g  th e  new m easures o f s e n s i t i v i t y .
Two o f th e  above p ro ced u res  a re  a p p lie d  to  Y anagisaw afs c o n fig u ­
r a t i o n .  One oi* th e  r e s u l t in g  p ro cedu res and th a t  o f Yanagisawa a re  
u sed  to  sy n th e s is e  d e lay  ne tw orks; th e  s e n s i t i v i t y  i s  m inim ised and 
th e  r e a l i s a t i o n s  a re  compared as above.
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The p aram eters  o f  tw o -p o rt netw orks a re  d e f in e d  as fo llow s
V* =:zAAI A + zAnI'1 1 1 12 2
V, Z'21I 1 + Z2 2 I 2
lj \ “  y 11V1, + y 12V2 
X2 -  ^21V1 + y 22^2
V,1 -  + h 1 2 V2
I 2 -  ^ l 1! + h22V2
II  -  g1-jV1 + g 1 2 X 2
V2 S21:V1 + S22I 2
Yj == AV2 -  BI2
I .  = CV -  DI 
1 2 2
L is t  o f  a b b re v ia t io n s .
V2 = DV1 -  B I1 
I 2 = CY, -  AI1(
NIC N egative impedance c o n v e r te r
INIC c u rre n t in v e rs io n  NIC
"VNIC v o lta g e  in v e rs io n  NIC
N il n eg a tiv e  impedance in v e r te r
VCVS(f ) v o l ta g e -c o n t ro l le d  v o lta g e  source  o f  g a in  F
VCCS(f ) v o l ta g e -c o n tro l le d  c u r re n t  sou rce  o f g a in  F
CCCS(f ) c u r r e n t- c o n tr o l le d  c u r re n t  source  o f  g a in  F
CCVS(f ) c u r r e n t- c o n tro l le d  v o lta g e  so u rce  o f g a in  F
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IMTRODUCTION AND SCOPE 
RC a c tiv e  netw orks ve rsu s  RLC netw orks.
In  network sy n th e s is  p rocedu res c o i l s  and tra n s fo rm e rs  a re  some­
tim es u n d e s ira b le  because th e y  a re  le s s  n e a r ly  id e a l  e lem en ts , d e a r e r , 
h e a v ie r , and la r g e r  th a n  r e s i s t o r s  o r c a p a c i to r s ;  th e y  a ls o  p ic k  up 
s t r a y  m agnetic f i e l d s .  The d em erits  o f c o i l s  and tra n s fo rm e rs  a re  
g r e a te s t  a t  low freq u e n c ie s  where la rg e  in d u c tan ces  a re  needed; th e n  
c o i l s  a re  bu lky  and have low Q -fa c to r . In  c o n tro l  system s and a n a lo -  
gue-com puter a p p lic a t io n s  v e ry  low freq u e n c ie s  a re  m et; h e re  RC n e t­
works must be u sed . C o ils  a re  a ls o  u n d e s ira b le  in  m ic ro m in ia tu r ise d  
c i r c u i t s :  c o i l s  o f  such sm all s iz e  have v e ry  sm all in d u c tan ce .
RC p a ss iv e  netw orks cannot r e a l i s e  a l l  th e  t r a n s f e r  fu n c tio n s  
r e a l i s a b le  by RLC netv/orks; th e y  r e a l i s e  t r a n s f e r  fu n c tio n s  hav ing  po­
le s  on th e  n e g a tiv e  r e a l  a x is  o f  th e  s p la n e  o n ly . By u s in g  a c t iv e  e l e ­
m ents, such as a m p lif ie r s ,  i n to  RC netv/orks s y n th e s is  p ro ced u res  can  
be  developed which r e a l i s e  any r a t i o n a l  and s ta b le  t r a n s f e r  fu n c tio n .
By re p la c in g  c o i l s  by a c t iv e  e lem ents v a r io u s  a sp e c ts  must be 
co n sid e red , e . g . ,  need fo r  power s u p p l ie s ,  s i z e ,  economy, r e l i a b i l i t y  
and s e n s i t i v i t y .  RC a c t iv e  netw orks have n o t been  very  successful in  
th e  p a s t  a t  freq u e n c ie s  above 1 0 0 c /se c . because  o f  th e  many d em erits  
o f  v a lv e s , such as h ig h  power consum ption and la rg e  s iz e .  The advent 
o f  t r a n s i s t o r s  has s t a r t e d  re s e a rc h  in  t h i s  f i e l d  because o f  re d u c tio n  
i n  s iz e  and power consum ption, re d u c tio n  i n  p r ic e  o f  t r a n s i s t o r s  compared
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to  c o i l s ,  g r e a te r  r e l i a b i l i t y  o f  t r a n s i s t o r s  compared to  v a lv e s . Using 
t r a n s i s t o r s  th e  h ig h e s t  frequency  a t  which co n v en tio n a l RC a c t iv e  n e t­
works a re  co m p etitiv e  w ith  RLC ones i s  about 3 0 k c /se c . a t  p r e s e n t .  
M icro m in ia tu rised  c i r c u i t s  have reduced  th e  s iz e  and power consum ption 
b u t th ey  a re  r e l a t i v e ly  u n t r ie d .  I t  i s  hoped th a t  th e y  w i l l  become 
cheaper in  fu tu re ;  th e n  RC a c t iv e  netw orks may become co m p etitiv e  a t  
much h ig h e r f re q u e n c ie s .
Many w orkers have found RC a c t iv e  netw orks to  be more s e n s i t iv e  
to  elem ent v a r ia t io n s  th a n  p a ss iv e  RLC ones. T his problem  i s  more d i f ­
f i c u l t  i n  high-Q c i r c u i t s :  sm all elem ent v a r ia t io n s  can cause  th e  p o le s  
o f  th e  response  fu n c tio n  to  t r a v e l  in to  th e  r i g h t  h a l f  s p la n e , making 
th e  c i r c u i t  u n s ta b le .
Scope o f  th e  p re s e n t in v e s t ig a t io n .
S ev e ra l types o f a c t iv e  e lem ents have been  u sed  in  RC a c tiv e  
sy n th e s is  p ro ced u res , n o ta b ly  th e  n e g a tiv e  impedance c o n v e r te r  (NIC)
( i t  forms th e  n eg a tiv e  o f an im pedance). The NIC has been  used  in  
s e v e ra l  w e ll known s y n th e s is  p ro c e d u res .
The o b je c t o f  th e  p re s e n t  in v e s t ig a t io n  was to  s tu d y  NICs and 
r e l a t e d  sy n th e s is  p ro ced u res . Chaps. 1 and 2 su rv ey  p u b lish e d  work 
on NICs and RC-NIC s y n th e s is  p ro ced u res  r e s p e c t iv e ly .
RC-NIC netw orks, l i k e  o th e r  RC a c t iv e  netwrorks, have been  found 
t o  be very  s e n s i t iv e  to  elem ent v a r ia t io n s ;  some w orkers have found 
ways to  reduce  t h e i r  s e n s i t i v i t y .  Chap. 3 su rveys some w e ll known
s e n s i t i v i t y  th e o ry . I t  a ls o  g iv e s  some new m easures o f  s e n s i t i v i t y  
which a re  used  i n  l a t e r  c h a p te rs .
To compare NICs w ith  o th e r  a c t iv e  e lem ents a l l  th e  id e a l  a c t iv e  
elem ents should  he c l a s s i f i e d  and some r e l a t i o n  betw een them found.
Chap. 4  g iv es  one such c l a s s i f i c a t i o n .  I t  i s  shown th a t  a s in g le  a c t i ­
ve elem ent can be chosen which can s im u la te  a l l  th e  o th e r  £ .  Some new 
id e a l  NICs a re  d e r iv e d . This c h a p te r  a ls o  in v e s t ig a te s  th e  p r a c t i c a l  
a c t iv e  elem ents and compares them w ith  th e  id e a l  ones.
A lthough RC-NIC sy n th e s is  p ro cedu res a re  id e a l  fo r  analogue-com pu-
■
t e r  a p p l ic a t io n s ,  th e y  have n o t been  used : s p e c i f ic a t io n s  o f  p u b lish e d  
NICs a re  u n s a t i s f a c to r y .  Chap. -5 g iv es  NICs which use  o p e ra t io n a l  am pli­
f i e r s  and have th e  re q u ire d  perform ance.
Chap. 6 g iv e s  a new c o n f ig u ra tio n  which can be u sed  i n  RC a c t iv e  
network s y n th e s is .  Three sy n th e s is  p ro ced u res  a re  d e sc r ib e d  u s in g  th e  
new c o n f ig u ra tio n .
Chap. 7 in v e s t ig a te s  s e v e ra l  a sp e c ts  r e l a t i n g  to  th e  p ro cedu res 
o f  Chap. 6. D egrees o f  freedom a re  u sed  to  reduce  b o th  th e  s e n s i t i v i t y  
and th e  number o f p a ss iv e  e lem en ts . The th re e  p ro cedures a re  compared. 
Two o f  th e  p rocedu res a re  used  to  r e a l i s e  th e  same d e la y  fu n c tio n . The 
two r e a l i s a t io n s  a re  f i r s t  o p tim ised  and th en  compared b o th  t h e o r e t i c a l ­
ly  and e x p e rim en ta lly  u s in g  th e  new s e n s i t i v i t y  m easures g iv en  in  
Chap. 3 .
Two o f  th e  p ro cedu res o f  Chap. 6 a re  a p p lie d  to  a c o n f ig u ra t io n
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g iv en  by Yanagisawa. One o f th e  r e s u l t in g  p rocedu res and th a t  o f  Yana­
gisaw a a re  used  to  r e a l i s e  th e  same d e lay  fu n c tio n ; th e  two r e a l i s a ­
t io n s  a re  op tim ised  and compared b o th  th e o r e t i c a l l y  and e x p e rim en ta lly  
u s in g  th e  new s e n s i t i v i t y  m easures g iv en  i n  Chap. 3 .
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CHAPTER 1 
NEGATIVE IMPEDANCE CONVERTERS 
M erill^  has d e sc rib e d  how th e  id e a  o f n e g a tiv e  impedance e lem ents 
a ro se  from th e  need to  reduce  a t te n u a t io n  in  te lep h o n e  l i n e s .  He 
co n sid ered  a c t iv e  tw o -p o rt netw orks which can  form th e  n e g a tiv e  o f an 
impedance 9  and c a l le d  them "n eg a tiv e  impedance c o n v e r te r s " .
B a n g e r t ^  used  n e g a tiv e  impedance c i r c u i t s  to  improve th e  perform ­
ance o f  LC f i l t e r s .
L i n v i l l ^  d e sc rib e d  an RC a c t iv e  s y n th e s is  p ro ced u re  u s in g  nega­
t iv e  impedance c o n v e r te r s . S ince  th e n  much r e l a t e d  work has been  
c a r r ie d  o u t.
This c h a p te r  summarises th e  p u b lish e d  work on n e g a tiv e  impedance 
c o n v e r te r s .
1.1 THEORY OF IDEAL NIC
An NIC i s  an a c t iv e  tw o -p o rt netw ork which has an in p u t impedance 
-Z-^ when te rm in a ted  by Z^.
The in p u t impedance o f th e  g e n e ra l  NIC shown i n  R ig . 1.1 i s
Zi  = V 1!  =  - V J L = - ZL . . . ( 1 . 1 )
V-S
F ig . 1.1 A g e n e ra l NIC.
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l . 1.1 can be ^w ritten as
V i / I i  = (-VL)/X L . . .  ( 1 . 2 )
which can be in te r p r e te d  as
Vi = ’ VL > Xi  = XL ( 1*3>
or as
V I i = V ( - I L) . . . ( 1 . 4 )
which can be in te r p r e te d  as
Vi = VL » I i  = “ I L . . . ( 1 . 5 )
Thus two s p e c ia l  ty p es  o f  NIC e x i s t :  Eqns* 1*3 d e f in e  a  v o lta g e
in v e rs io n  NIC (VNIC) -vdiereas Eqns. 1 .5  d e f in e  a c u r re n t  in v e rs io n  
NIC (iN IC ).
In  term s o f  th e  g p a ram ete rs , th e  in p u t ad m ittan ce  o f  a  tw o- 
p o r t  network i s
Ti  = § 1 1 ----1 2 - 2 1 -  . . .  (1 .6 )
g22 + ZL 
The network;' i s  an NIC when
g1:l  = 0 . . .  (1 .7 )
g22 = 0 . . .  (1 .8 )
§12^2*1 ~  ^ • • •  0 « 9 )
When
g12 = 1 a S21. = 1 ' ( 1 J i ° )
th e  network i s  an INIC, and when
2 — i §21 ~ •••  0  • * ”0
i t  i s  a  VNIC.
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1 .2  NON-IDEAL NIC
In  a n o n -id e a l NIC Eqns. 1 .7  to  1 .9  a re  s a t i s f i e d  on ly  approxim a­
te ly :
311
'22
y '- ’ O 
J P
<v> ^
8 oq = z p  -  0
’12 21
rv>
= k -  1
. . .  (1 .1 2 ) 
. . .  (1 . 1 3 ) 
. . .  (1 . 14)
y^ i s  c a l le d  th e  p a r a s i t i c  shun t in p u t ad m ittan ce , z^ th e  p a r a s i t i c  
s e r ie s  ou tpu t impedance and k th e  co n v ersio n  fa c to r*
I f  new g -p aram eters  a re  d e fin e d  as i n  E ig . 1 .2  we have
= 0 •••  (1 .1 5 )
g12 = ka * say  . . .  (1 .1 6 )
§ 21, =  kb  > s a y
where g! s '  = k k, = k 12 21 a  t
§ ' = 0  22
. . .  (1 .1 7 ) 
. . .  (1 .1 8 ) 
. . .  (1 .1 9 )
O
■ y.p
o -
e i l Si 2
621 S22
Jp
-o
F ig . 1 .2  N o n-idea l NIC, 
1 .3 COMPENSATION OF NON-IDEAL NIC
A s p e c ia l  f e a tu re  o f  th e  NIC i s  th a t  i t  can be u sed  to  compensate
pf o r  i t s  y^ and z.p as shown in  F ig . 1 .3  (R ef. 1 ) .
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Non—id e a l
F ig . 1 .3  Compensated n o n - id e a l NIC,
By re p la c in g  th e  n o n -id e a l NIC by F ig . 1 .2 , F ig . 1 .3  becomes F ig . 1 .4 a . 
By t r a n s f e r r in g  z^ and yQ from p o r t  2 to  p o r t  1 9  th e  c i r c u i t  becomes 
F ig . 1 .4 b . Assuming z^ <(<^l/yc , F ig . 1 .4b  can be approxim ated  by 
F ig . 1 ,4 c . When y c=yp and ZQ- ^  th e  p a r a s i t i c  elem ents o f th e  non­
id e a l  NIC a re  c a n c e lle d .
2c
1 O—AAAA
1 1 O
--
1 o —V W ' P■AAAA—
y.
1 ’O - L i -y,
o  2
O 2 f
0 2
Id e a l
NIC
F ig . 1 .4  E q u iv a len t c i r c u i t s  fo r  a com pensated n o n - id e a l NIC.
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1 .4  SOME PUBLISHED M C  CIRCUITS
A. Marius L a to u r’s c i r c u i t .
The f i r s t  M C  c i r c u i t  d a te s  back to  1 920 and i s  c r e d i te d  to  
M arius L a tou r (R ef, 1 ) .  T his c i r c u i t  (F ig , 1 .3 a ) i s  i n  e f f e c t  a  v o l ta ­
ge a m p lif ie r  o f  p o s i t iv e  g a in ; i t  has an e q u iv a le n t c i r c u i t  shown in  
F ig , 1 .5b ; i t s  g m a trix  i s
. . .  (1 . 20)
where
r aEL2
r 0    >
r a + RL2
RTiP and r & a re  th e  lo ad  and anode r e s is ta n c e s  o f  th e  second v a lv e , 
i s  th e  b ia s  r e s i s ta n c e  o f  th e  f i r s t  v a lv e  and G th e  v o lta g e  g a in  betw een 
1 and 2 ' .
The co n v ersio n  f a c to r  o f  th i s  c i r c u i t ,  (G -1), i s  v e ry  s e n s i t iv e  
t o  v a r ia t io n s  in  th e  v a lv e  p a ram eters  and the . H.T. supp ly  v o lta g e .
By u s in g  p a r a l l e l  d e r iv e d , s e r ie s  fed  n e g a tiv e  feedback G inzton  has 
shown th a t  th e  v a lu e  o f  Tq can be  reduced  and G can  be s t a b i l i s e d  and 
made eq u a l to  +2 (R ef. 1 ) .  Then th e  VNIC has a u n i t  co n v ers io n  f a c to r  
and a sm all §22*
B. Id e a l  VNIC c i r c u i t s .
By making F ig . 1 ,3b an id e a l  v o l ta g e -c o n t ro l le d  v o lta g e  sou rce  
(VCVS), an  id e a l  VNIC r e s u l t s  as shown in  F ig . 1 .6 a . F ig s . 1 ,6b  and 1 .6 c  
show two o th e r  id e a l  VNIC c i r c u i t s  o p e ra tin g  on th e  same p r in c ip le .
(X 7 = v& b
-(G -1)
-1
0
1 *
O  21
0  21 '
f
t o  Karius l a t o u r ’s VNIC
1 6 —— — — ----— o  2
Fir,. 1*6 Ideal VNIC circuits.
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C. M e r i l l 's  c i r c u i t ,  
iM e r il l  gave a p r a c t i c a l  VNIC c i r c u i t  which was u sed  i n  te lep h o n e  
r e p e a te r s ,  A s im p lif ie d  v e rs io n  i s  shown in  F ig . 1.7a.. The d o tte d  
l in e s  enclo se  t r io d e s  in  th e  common-anode mode (ca thode fo l lo w e rs ) .  An 
eq u iv a len t c i r c u i t  i s  shown in  F ig . 1 .7 h . T his c i r c u i t  r e a l i s e s  th e  
id e a l  VNTC o f F ig . 1 .6 c ; i t s  g m a tr ix , u s in g  id e n t i c a l  t r i o d e s ,  i s
0
(/■^ -1 ) 2 r a
. . .  (1 .2 1 )
{ /* .+ !)  > + 1
D. L i n v i l l ts c i r c u i t s .
L in v il l^  d e sc r ib e d  a t r a n s i s t o r i s e d  v e rs io n  o f  F ig . 1 .7 a , shown i n  
F ig . 1 .7 c . The d o tte d  l in e s  en c lo se  t r a n s i s t o r s  o p e ra tin g  in  th e  com- 
m o n -co lle c to r mode. The e q u iv a len t c i r c u i t  o f  F ig . 1 .7 c  i s  ve ry  s im i la r  
to  F ig . 1 *7b.
A d isadvan tage  o f  F ig s . 1 .7 a  and 1 .7 c  i s  t h a t  th ey  a re  b a lan ced . 
L in v i l l^  gave an unbalanced  VNIC c i r c u i t ,  shown in  F ig . 1 .8 a . T r . 1 
has a  v o lta g e  g a in  ^  -R q /I^  (when R>j =Rg); T r . 2 o p e ra te s  in  th e  common- 
c o l le c to r  mode and hence i t s  in p u t impedance i s  l a r g e ,  i t s  o u tp u t r e s i ­
s ta n c e  sm all and i t s  v o lta g e  g a in , n e a r ly  eq u a l to  u n i ty .  F ig . 1 .8b  
shows an approxim ate e q u iv a le n t c i r c u i t ;  Z jj and a re  th e  in p u t imped­
ances o f  T r. 1 and T r. 2 r e s p e c t iv e ly .  When ^±2 '^ / '^■J\ » F ig . 1 .8b  can  
be s im p lif ie d  to  F ig . 1 .8 c . When R-j= R2 t h i s  c i r c u i t  r e a l i s e s  th e  
id e a l  YNIC o f  F ig . 1 . 6b; i t  has
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1 O*"
1 ’ O
(vv \ m
Co)
■O 2
O  2'
ZJ. 0 2
O  2
1 ’O -J
(<=) •
1 *7- (a) Iv'erin 'a VNIC circuit:- equiv&iefl'fc circuit
O  2
1
AA/V 2
O 2
(b)
P i n*; 1^8 Li rivj.ll ^  P^a^bical c i r c u i t
(lA .eouiv&lc'r.t c i r c u i t ; '  ( o ') vcr.y approxim ate ' equ ivalen t
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M -
1/ZJili -1 . . .  (1 . 22)
where
Zi1
-(2G -1  )
Zi1 Zi2
0
*i1 ’r ~ i2
G- and a re  th e  v o lta g e  g a in  and th e  o u tp u t r e s i s ta n c e  o f  T r. 2 .
L i n v i l l ^  gave a com plete VNIC d e s ig n  "based on F ig . 1 .8 a .
E . Landry* s c i r c u i t .
Lundry^ gave an id e a l  VNIC c i r c u i t  (F ig . 1 .9 a ) u s in g  a c u r r e n t-
c o n tro l le d  c u r re n t  so u rc e . T his c i r c u i t  has
-H
0
-HR,
(H+1 )h [
H+1
0
. . .  (1 .2 3 )
where H y y  1
Hakiirr^ d e sc r ib e d  a p r a c t i c a l  VNIC c i r c u i t  (F ig . 1 . 9h) which i s ,  
i n  e f f e c t ,  a  r e a l i s a t i o n  o f  L u ndry 's  id e a l  VNIC.
1 >5 SOME PUBLISHED INIC CIRCUITS
A. Y anagisaw a's c i r c u i t .
Yanagisawa-^0 gave an INIC c i r c u i t ,  u s in g  two t r a n s i s t o r s  as shown 
in  F ig . 1 ,1 0 a . By u s in g  a s im p lif ie d  T -e q u iv a le n t c i r c u i t  fo r  th e  two 
t r a n s i s t o r s  ( r e=r»o=0* r c=w», =4) th e  e q u iv a le n t c i r c u i t  o f  F ig . 1 .10b 
r e s u l t s  (when R ^R g)* T h is c i r c u i t  i s  d u a l to  th e  VNIC c i r c u i t  o f
11 O  2
II
2  1
.. ...
U
■0  ' 1 5 O O  '2
0>)
Lcmdry*s id e a l  VTTT0 c i r c u i t ;  (b) HaVirribs pract i c a l ' 
. WIG c i r c u i t ,  . i.v
1 O
I
r>
x>
11.
1 o- 0  2* 1 ' O  2
(a) (b)
F ly, 1 a 10 Yanay lsaw a 's  INIC; (a) p r a c t i c a l  o i r c i p t ;  (bj I d e a l  
v. c i r c u i t .
1 • O
40 2 I i
(a)
■i1
F iy , 1,11 IlakirnJs' INIC c ir c u it .
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P i g .  1 .6 c . S to rey  and C u lly e r^  and Drew and G - o r s k i- P o p ie l^  gave 
com plete INIC d esig n s  based  on P ig . 1 .1 0 a .
A d u a l o f  th e  VNIC o f  P ig . 1 .6b  i s  P ig . 1 .1 1 a . A p r a c t i c a l  
c i r c u i t  (P ig . 1 .11b) v/as g iv en  by Hakim^; now *
B. L ark y 1s c i r c u i t .
An im p o rtan t NIC i s  due to  Larky® (Pig* 1*12). The id e a l  INIC 
c i r c u i t ,  P ig . 1 .1 2a has
M -
r 2 (h+i )+r1 -
. . .  (1 .24 )
R1 (Ht-1 >*R2 
1 0
to*.
where H 1
9
L a rk y 's  id e a l  INIC can a ls o  be r e a l i s e d  as P ig . 1 .1 2 c . B le ch e ry  
and P r a n k l i n ^  gave com plete INIC d esig n s  based  on t h i s  c i r c u i t .
1 O-f—VsAA—-f— V W '— rO  2 1 Q~P— AAAA p V v S A p o  2
I ’O
R. R<
}Hi
R1/
(a )
“O 2 1 1 'O
R,
v
0>)
2 ’
•j Oy A W  p \ W - r 0 2
M i J  R2R,
[ / "  , bs==i - 0 2
(o)
P ig . 1 .12  L a rk y !s INIC; (a ) id e a l  c i r c u i t ]  (b) and (c ) p r a c t i c a l  
c i r c u i t s .
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1 .6  GENERAL COMMENTS
The VNIC d esig n ed  by L i n v i l l ^ ,  u s in g  4- t r a n s i s t o r s ,  i s  re p o r te d  
to  have a co n v ersio n  f a c to r  a c c u ra te  to  w ith in  -1$ a t  1 .kc/sec. fo r  
impedances i n  th e  range  lO O Sl-lO kSi. T his c i r c u i t  i s  n o t d i r e c t  coupled  
and so i t s  perform ance would be worse a t  low f re q u e n c ie s . The INIC 
g iv en  by S to rey  and Cullyer®  i s  d ire c t-c o u p le d  and i s  re p o r te d  to  ope­
r a t e  s a t i s f a c t o r i l y  over th e  range 100 SI -100k$ i 9  w ith  a  maximum v o l ta ­
g e -h an d lin g  c a p a c ity  o f  2 v o l t s .
The NIC c i r c u i t s  d e sc r ib e d  canno t be used  i n  analogue-com puter 
a p p lic a t io n s  because th e  fo llo w in g  a re  ty p ic a l ly  re q u ire d :
Impedance ran g e : I00ksi-10M S^
Maximum s ig n a l-h a n d lin g  c a p a c ity : 70 v o l t s  rm s.
T o lerance  o f  param eters
Frequency re sp o n se  and d r i f t  s im i la r  to  th o se  o f an 
o p e ra t io n a l  a m p lif ie r  
Chap. 3 g iv es  NICs u s in g  o p e ra t io n a l  a m p lif ie r s  and hav ing  th e  
above s p e c i f ic a t io n s .
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CHAPTER 2 
RC-NIC SYNTHESIS PROCEDURES
RC netw orks cannot r e a l i s e  a l l  fu n c tio n s  r e a l i s a b le  by RLC n e t­
works; th ey  r e a l i s e  fu n c tio n s  w ith  p o le s  on th e  n e g a tiv e  r e a l  a x is  only*
■j -\.—3^
Many w orkers ' have developed  RC a c t iv e  s y n th e s is  p rocedu res u s in g  
a v a r ie ty  o f  a c t iv e  e lem en ts; some o f  th e se  p ro cedu res can r e a l i s e  an3r 
r a t i o n a l  and s ta b l e  t r a n s f e r  fu n c tio n .
*1 4 "Losee and M itra  d e sc r ib e d  a -RC p ro ced u re .
Arm strong and R e z a ^ ,  S a lle n  and Key*1^ , D e c l a r i s ^ ,  K u h ^ , Sand­
b e r g ^ ,  M cV e y ^ * ^ , T a y lo r ^ ,  and H akim ^ used v o l ta g e -c o n tro l le d  v o l t -
v  r)4 pp
age so u rces  (VCVS) o f  f i n i t e  g a in  b u t Mathews and S e i f e r t  , K arplus , 
P a u l ^ * ^ f, and L o v e r in g ^  u sed  VCVSs o f  h ig h  g a in  (o p e ra t io n a l  a m p l i f ie r s ) .
Horowitz M u r d o c h ^ a n d  B a la b a n ia n ^  used  g y ra to r s .  A g y ra to r  
can co n v ert an RC in to  an RL im m ittance .
L i n v i l l ^ ,  Y anagisawa^^, K in a r iw a la ^ \  S a n d b e rg ^ , S i p r e s s ^ ,  and 
Thomas*^ used  NICs. These p ro cedu res s t a r t  w ith  a  c o n f ig u ra tio n  
c o n ta in in g  RC netw orks and NICs. The fu n c tio n  i s  p u t in to  th e  form o f 
th e  v o lta g e  r a t i o  o f  th e  c o n f ig u ra t io n  and i s  made to  s a t i s f y  th e  
c o n s t r a in ts  imposed by th e  RC netw orks. Then s u i ta b le  assignm ents 
a re  made to  eq u ate  th e  v o lta g e  r a t i o  to  th e  fu n c tio n . T his c h a p te r  
d e sc r ib e s  th e  two most im p o rtan t p ro ced u res : L i n v i l l 's  and Y an ag isaw a 's .
*  A ll  a m p lif ie r s  a re  c o n s id e red  im p e rfe c t c o n tro l le d  so u rc e s .
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2.1 LINVTLL’S PROCEDURE
L in v ill^  used  P ig . 2.1 fo r  th e  r e a l i s a t i o n  o f  fu n c tio n s  as
RC-A
P ig . 2.1 L i n v i l l 's  c o n f ig u ra tio n . 
t r a n s f e r  im pedances. T his c i r c u i t  has
V,
■1
zA zB 1 2 12
I 2 “ °  z 2 2  *" z-  *?< 11
. . .  (2 . 1 )
Ytfhen an id e a l  VNIC w ith  u n i t  co n v ersio n  f a c to r  i s  u sed , and
V,o zA zB Z1 2 1 2
I  =0 zB -  zA 2 11 22
when an id e a l  INIC w ith  u n i t  co n v ers io n  f a c to r  i s  u sed .
The fu n c tio n  to  he r e a l i s e d  i s  tak en  to  he
m
. . .  (2 . 2)
Z r p ( s )  -
N (s) a jB -"1 .
d (s ) - s :
i=0
. . .  (2 .3 )
w ith  a l l .  p o le s  in  th e  l e f t  h a l f  s p lan e  and m ^  n .
Eqn. 2 .3  i s  p u t in to  th e  form o f  Eqn. 2.1 . A polynom ial
n
Q(s) =TT(s + 6 .) . . .  (2 .4 )
i=1
i s  chosen w ith  a l l  6 '. '>  0 . The p a r t i a l - f r a c t i o n  expansion  o f  D ( s ) /p ( s )
i s  w r i t t e n  as
n
D (s) n £± . . .  (2 .5 )
 = C + >>  -----------------
Q(s) 00 (s + Co _•)
i=1
D (s) d1 (s )  d o (s)
      . . .  (2 . 6)
Q (s) q ^ s )  q2 (s )
where Q (s)= q ^(s)q 2 (s )  and
(s )/o.l (s ) = sum o f  p a r t i a l  f r a c t io n  term s w ith  p o s i t iv e  re s id u e s
^2 (s  ^ /^-2 ^ s ^  =  n e g a tiv e
Now w r i te
N (s) == rLj ( s )n 2 (s )  . . .  (2.7')
Let K ='K^K2 be a  p o s i t iv e  c o n s ta n t .  Prom Eqns. 2 .3 ,  2 .5 , 2 .6  and 2 .7  
we have
ZT (s )  ( s )n 2 (s )  /  d-j (s )  d2 (s )
 ~ ------------------------ / ---------------------- . . .  (2 . 8)
K JL jK ^  ( s )q 2 (s )  /  q>](s) q2 (s )
By eq u a tin g  th e  num erator and denom inator o f  th e  r ig h t-h a n d  s id e  
o f  Eqn. 2 .8  to  th e  num erator and denom inator o f  th e  r ig h t-h a n d  s id e  o f  
Eqn. 2.1 th e  fo llo w in g  assignm ents can be made:
- z f 2 = (s ) /K 1q1 ( s ) ,  -z B2 = n2 (s)/K 2q2 ( s ) ,
z ^  — d ^ s ) /  q ^ (s )  , zB, =  d2 ( s ) /q 2 (s )  . . .  (2 .9 )
Then
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The ze ro s  o f  N(s) a re  sh ared  among rLj ( s )  and ^ ( s )  i n  some
conven ien t way. When i l j  ( s )  J*~or n 2 (s )  has n e g a tiv e  r e a l  z e ro s , z ^
B '(o r Z22) can  he expanded in to  a la d d e r network u s in g  C auer’s sy n th e s is
p ro ced u re . and cannot he a ss ig n e d , because th ey  a re  determ ined
a t  th e  end o f  th e  r e a l i s a t i o n  o f  th e  la d d e r  networks (Appendix A,
Theorem 8 ) .  When nj (s )  or n p (s )  has complex z e ro s , tw in-T  or b ridged -T
netw orks have to  he used  h u t th e  zero s  must^he in  th e  re g io n  ja rg  s <(/'n.
A "RThe e x p re ss io n s  a ss ig n e d  to  z ^  and z ^  must s a t i s f y  Theorem 5 
(Appendix A ); i f  e i t h e r  has zero s  in  th e  re g io n  Ja rg  s ^  / n ,  a s u i t ­
a b le  RC netw ork cannot he found. In  o rd e r to  remove such zeros from th e  
p ro h ib i te d  re g io n  th e  o rd e r o f  D (s) must he in c re a s e d , w ith o u t changing 
th e  t r a n s f e r  impedance* T his can he done by m u ltip ly in g  th e  num erator and 
denom inator o f  Zrp(s) by a f a c to r .
Eqn* 2 .10  shows th a t  L i n v i l l 's  p rocedure  r e a l i s e s  th e  re q u ire d
fu n c tio n  as a  t r a n s f e r  impedance to  w ith in  a c o n s ta n t m u l t ip l i e r .
2 .2  YAMGISAWA’S PROCEDURE
Y an ag is  a w a^  d e sc r ib e d  an RC-NIC p rocedu re  fo r  th e  r e a l i s a t i o n  o f 
a  fu n c tio n  as a v o lta g e  r a t i o .  An id e a l  INIC (no t a VNIC) w ith  u n i t  
co n v ersio n  f a c to r  i s  u sed  in  P ig . 2 .2 ; th e  v o lta g e  r a t i o  i s  
y  ( - )  -  ( - yB )
- g  = — l g ----— 121 . . . ( 2 . 1 1 )
y22 - y22
yj- and cannot he r e a l i s e d  s e p a ra te ly .  To overcome t h i s ,  Y an ag isa - 
1 2 22
wa re p la c e d  th e  tw o -p o rt netw orks A and B by ' in v e rse -L  ' netw orks 
hav ing  ad m ittan ces  Y^-, Y^ and Y^, Y^ r e s p e c t iv e ly  (P ig . 2 .3 ) .
jpXV .2 Yp51 p. .^isRwa1 q confi??uration»
INIC
k=1
2.  ^ Yanaxris&wa ’ s con fi o r a t i o n u3 in g •. inverse-L  networks,
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The v o lta g e  r a t i o  o f  F ig . 2 .3  i s  
VQ i t  -  I?
. . .  (2 . 12)
Vi  (Y1 + J 2  ^ '  (Y?  + ^
S ince  th e  p rocedu re  fo llow s L i n v i l l 's  c lo se ly ., i t  w i l l  be d e sc r ib e d
only  i n  o u t l in e .  The fu n c tio n  to  be r e a l i s e d  as i s
N(s) i f  -  I ?  N (s )/Q (a )
D (s ) ( l |  -  i f )  + ( l |  ~ l | )  & l(s )/Q (s )^  + )  |D (s )  -  N(s r /Q ( s )
. . .  (2 .1 3 )
where
n-1
Q (s) -  | | (s + 6> .) . . .  (2 .1 4 )
1=1 1
i s  a s u i ta b le  polynom ial w ith  d i s t i n c t  n e g a tiv e  r e a l  z e ro s ; n i s  th e
degree o f  N (s) o r D (s) w hichever i s  g r e a te r .  The p a r t i a l - f r a c t i o n
expansions o f  N (s)/sQ (s)  and D (s)~N (s) / sQ(s ) g iv e
L.
N (s) €  ±s n ^ s )  (s )
= C o + ^  -------- —  + t  s =
Q(s) i=1 (s + S h )  0 0  q -j(s) q2 (s )
. . .  (2 .15 )
D (s) -  N (s) . n-1 £  -s f &» (s )  d p (s )_______________________ _ Q'_________  J-______  p   1 c-
Q (s) . L °  i=T (s + ( $ \ )  <L|(s)
. . .  (2 .1 6 )
term s w ith  p o s i t iv e  and n e g a tiv e  re s id u e s  b e in g  a l lo c a te d  as b e fo re . 
From Eqns. 2.13* 2.15 and 2 .16  we a s s ig n
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Yf = ^  ( s l / q ^ s ) ,  Y^ = n2 ( s ) /q 2 (s )
Y2 = d ^ s j / ^ ' t s ) ,  Y^ = d2 ( s ) /q ^ ( s )  . . .  (2 .1 7 )
to  g iv e  th e  r e q u ire d  r e a l i s a t i o n .  By Theorem 2 (Appendix A) any one
o f th e  fo u r canonic  forms can be u sed  fo r  networks A and B.
2 .3  EXTENSION OF LINVILL'S PROCEDURE 35
L i n v i l l 's  p rocedu re  can be e a s i ly  adap ted  fo r  th e  r e a l i s a t i o n  o f
a fu n c tio n  as th e  v o lta g e  r a t i o  j  - q * can <3-one
— —I 2
r e a l i s i n g  th e  fu n c tio n  as Vq/I^  by a network having a u n i t  r e s i s t -
— 2
ance a c ro ss  i t s  in p u t te rm in a ls  (F ig . 2 .4 a ) ;  by ta k in g  th i s  to  be th e  
in t e r n a l  r e s i s ta n c e  o f th e  c u r re n t  so u rce  1^, and c o n v e rtin g  t h i s  
in to  a  v o lta g e  so u rc e , P ig . 2 .4b  i s  o b ta in e d . A l te rn a t iv e ly ,  i f  a 
fu n c tio n  T ( s ) / s  i s  r e a l i s e d  as V q / I ^   ^ ^ by a  netw ork hav ing  a u n i t
c ap a c itan c e  a c ro ss  i t s  in p u t te rm in a ls  (P ig . 2 .4 c ) ,  th en  by ta k in g  
1 /s  to  be th e  i n te r n a l  impedance o f  th e  c u r re n t  source  I p  and c o n v ertin g  
t h i s  in to  a  v o lta g e  so u rc e , P ig . 2 .4d  i s  o b ta in e d , and T (s) i s  r e a l i s e d  
as V /V .
Vi - I 1
P ig . 2 .4  E x ten s io n  o f  L i n v i l l 's  p ro ced u re .
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2 .4  GENERAL" COMMENTS
I t  i s  g e n e ra l ly  accep ted  th a t  th e  s e n s i t i v i t y  o f  netw orks, sy n th e ­
s is e d  u s in g  th e  methods d e sc r ib e d , in c re a s e s  w ith  th e  o rd e r o f  th e  
fu n c tio n ^ >^-5. When a fo u r th -  o r h ig h e r-o rd e r  t r a n s f e r  fu n c tio n  i s  to  
be r e a l i s e d ,  i t  i s  g e n e ra l ly  ex p ressed  as a p ro d u c t o f  second-oder 
t r a n s f e r  fu n c tio n s  and each one i s  r e a l i s e d  in d iv id u a l ly .  The r e s u l t in g  
s e c tio n s  a re  connected  in  tandem. In  L i n v i l l 's  or Y anagisav/a 's c o n fig u ­
r a t i o n s ,  i s o l a t i n g  a m p lif ie r s  must be used  betw een s e c t io n s .
a rg  s <  / n >When th e  t r a n s f e r  fu n c tio n  has zero s  i n  th e  re g io n  
L i n v i l l ' s p rocedu re  can  be a p p lie d  a f t e r  m u ltip ly in g  th e  num erator and 
denom inator o f  th e  t r a n s f e r  fu n c tio n  by a f a c to r .  This in c re a s e s  th e  
o rd e r  o f  th e  fu n c tio n , and th e re fo re  th e  s e n s i t i v i t y  and th e  number o f 
p a s s iv e  elem ents needed.
In  Chap. 6 th re e  p ro cedu res a re  d e sc r ib e d , u s in g  a new co n fig u ­
r a t i o n .  Two o f  th e  p ro cedures r e q u ire  one a c t iv e  elem ent p e r  s e c t io n  
fo r  a t r a n s f e r  fu n c tio n  w ith  p o s i t iv e  num erator c o e f f i c i e n t s .  For a 
fu n c tio n  w ith  some n e g a tiv e  num erator c o e f f ic ie n t s  a VCVS w ith  a g a in  
o f o rd e r -1. may be u sed , to  avo id  th e  u se  o f  f a c to r s . .  S tages d esigned  
u s in g  th e se  p ro c e d u re s , can be cascaded  w ith o u t i s o la t in g  a m p lif ie r s .
Two o f  th e  p ro cedu res o f  Chap. 6 a re  a ls o  a p p lie d  to  Y anagisaw a's 
c o n f ig u ra tio n  in  Chap. 8. The r e s u l t in g  p ro cedu res need more p a ss iv e  
e lem ents b u t a re  ex p ec ted  to  g iv e  le s s  s e n s i t iv e  netw orks th a n  Y anag i- 
sav/a 's p ro ced u re .
-4 0 -
CHAPTER 3 
SENSITIVITY THEORY 
Many w o rk e rs -^ " ^  have in v e s t ig a te d  th e  problem  o f  s e n s i t i v i t y  
u s in g  d i f f e r e n t  m ethods. A sim ple  method i s  to  an a ly se  th e  network 
and c a lc u la te  th e  response  fu n c tio n -^  w ith  one elem ent having  a f ix e d  
e r r o r .  This i s  re p e a te d  fo r  a l l  th e  p a ss iv e  and a c t iv e  e lem en ts .
Graphs w i l l  th e n  show th e  most c r i t i c a l  e lem en ts . The s e n s i t i v i t y  can 
a ls o  be in v e s t ig a te d  by u s in g  some measure o f  s e n s i t i v i t y .
Some o f  th e  w orkers have found th a t  RC a c t iv e  netw orks a re  more 
s e n s i t iv e  to  elem ent v a r ia t io n s  th an  p a ss iv e  RLC ones. H o ro w itz ^  
has shown how to  u se  degrees o f  freedom (choose independent p a ram ete rs) 
so as to  reduce  s e n s i t i v i t y  i n  RC-NIC p ro ced u res .
This c h a p te r  su rveys some w e ll known s e n s i t i v i t y  m easures; i t  
in c lu d e s  th e  optimum polynom ial decom position  o f  H orow itz.
Some new m easures o f  s e n s i t i v i t y  a re  in tro d u ce d  which can be  used  
fo r  th e  o p tim is a tio n  and com parison o f  d i f f e r e n t  r e a l i s a t i o n s ;  th e y  
a re  used  i n  l a t e r  c h a p te rs .
3.1 SENSITIVITY MEASURES
Bode-^ has in tro d u c e d  th e  s e n s i t i v i t y  fu n c tio n  to  show how n e g a tiv e  
feedback red u ces  th e  s e n s i t i v i t y  o f  th e  v o lta g e  g a in  o f an a m p lif ie r  
to  p a ram eter v a r i a t io n s .  Mason^® in v e r te d  B ode 's  fu n c tio n : th e  s e n s i ­
t i v i t y  o f  G (s ,x ) t o  x , as d e f in e d  by Mason, i s
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s G (s ,x ) ~ C iG (s ,x )/G (s ,x ) . . .  (3 .1 )
g G (o ^ sx) can ex p ressed  in  term s o f  th e  modulus and phase o f
G-(«3l f , x ) .  L et
G (jW ,x )  = M (oi)e '3 (3 .2 )
where M(c-0 ) = G-( j  LO ,x ) and Q  (CO) = a rg  G-(jk) ,x )
Eqn. 3.1 becomes, i n  a s im p lif ie d  n o ta tio n , 
n x X M x ^  Q
s S  — ^ 0 0X M X X
Then
and
Re SG = SM x x
Im &
(3 .3 )
. . .  (3 .4 )
. . .  (3 .5 )
T ru x al and H orow itz™  have in tr o d u c e d  z e r o  (p o le )  s e n s i t i v i t y
d e fin e d  as
§ p  X
dz
d x /x
dp
d x /x
. . .  (3 .6 )  
. . .  (3 .7 )
where z i s  a z e ro  (p i s  a  p o le )  o f  th e  response  fu n c tio n .
Eqns. 3 .1 ,  3 .6  and 3 .7  a re  r e l a t e d  to  each o th e r . For a  resp o n se  
fu n c tio n
m
T T ,H±=1(s + z ±)
G (s ,x ) = — n------------- -
TT(s + p.) 
i —1 x
. . .  (3 .8 )
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«\j 2 • ^  p •
p „  m Sv 1 n Sv 1
S^ = S « + X  /- L _ -  X  . . . ( 3 . 9 )
i=1 (s + z . )  i=1 (s + p . )
H o ro w itz ^  has a ls o  d e fin e d  'c o e f f i c i e n t  s e n s i t i v i t y ' ,  For 
m
X Ni (x1 , . . . , x r ) s m’“;L 
i=0
G-(s) =     . . .  (3 .1 0 )
X  ;Di ( x i , . . . , x r ) s n" :L 
i=0
where x^ , . . . ,x p a re  th e  e lem ents o f  th e  netw ork, a  c o e f f ic ie n t  sen s iti-*  
v i ty  i s  d e fin e d  as
N- ^  Ni  ,
S 1 = — ----  , e t c .  . . .  (3 .1 1 )
P N± <)xr
3 .2  SENSITIVITY OPTIMISATION
The p o le s  o f a t r a n s f e r  im pedance, r e a l i s e d  u s in g  L i n v i l l 's  
p rocedure  (Sec. 2 .1 ) ,  a re  th e  zeros o f
a 22 " Z?1 = [ d 1 ( S ) / (11 ( s ) -  jX2 ( s ) / q_2(s
Then
D (s) = &j (s )q 2 (s )  -  d2 (s )q 1 (s )  = A (s) -  BQB (s)
= X  (-^ i “ B-)sn""^ ••• (3.13)
i=0 1
n
where cL (s )q ~ (s )  = A (s) = X  and
i=0 1
n
d2 (s )q 1 (s )  = B B (s) = X V ^
i=0
S ince d1 ( s ) / ^ ( s )  and d2 (s )/q .2 (s )  a re  RC d r iv in g -p o in t  impedance
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fu n c tio n s , A (s) and B (s) have n e g a tiv e  r e a l  z e ro s . Counting zero s  o f 
A (s) and B (s) to  th e  l e f t  o f  any p o in t along  th e  n e g a tiv e  r e a l  a x is ,  th e  
d if f e r e n c e  "between th e  numbers o f  zero s  cannot exceed one. A lthough 
th e  above c o n s t r a in t s  seem s t r in g e n t  y e t  some f l e x i b i l i t y  e x i s t s  in  
o b ta in in g  decom position  g iv en  by Eqn. 3*^3. H o ro w itz ^  o b ta in ed  one
I*
decom position , which has minimum c o e f f ic ie n t  s e n s i t i v i t y ,  and Calahan
has shown th a t  i t  a lso  g iv es  minimum p o le  s e n s i t i v i t y .  Hence i t  may be
c a l le d  a se n s itiv ity -o p tim u m  decom position  and i s  g iv en  by (when D (s)
i s  o f  even o rd e r  and monic*)
1 1|rn 2 2n ft \ 2 f „ \
D ( s ) = A ( s ) - B  b ( s ) =  j J ( s  + Q4 ) -  B s'] f  ( s  + P . )  . . .  ( 3 . ^ 4 )
°  i=1 i=2
E quating  c o e f f ic ie n t s  o f  s n i n  Eqn. 3 .^ 4  y ie ld s  n n o n - l in e a r  e q u a tio n s . 
These a re  e a s i ly  so lv ed  f o r  a  seco n d -o rd e r polynom ial b u t no t fo r  po­
lynom ials o f h ig h e r  o rd e rs . C a la h a n ^  has developed  a sim ple  p rocedu re
fo r  o b ta in in g  th e  above decom position  fo r  h ig h e r  o rd e r po lynom ia ls .
3.3 RMS -SENS IT IVTTI CORVES Aid FIGURE-QF-MERIT SENSITIVITY
The m easures o f  s e n s i t i v i t y  g iv en  i n  Sec. 3 .1 ,  g iv e  th e  s e n s i t i v i ­
ty  o f a  resp o n se  fu n c tio n  to  one netw ork elem ent a t  a  tim e. T his s e c t io n  
in tro d u c e s  an r m s - s e n s i t iv i ty  m easure g iv in g  an average s e n s i t i v i t y  o f 
a response  fu n c tio n  to  v a r ia t io n s  in  a l l  th e  netw ork e lem ents a t  one 
frequency .
C onsider a  netw ork w ith  p a ss iv e  and a c t iv e  elem ents x ^ , . . . , x r  
and a v o lta g e  r a t i o  g iv en  by Eqn. 3 .2 . A roo t-m ean-square  s e n s i t i v i t y
■* A monic polynom ial i s  one whose h ig h e s t  power c o e f f ic ie n t  i s  eq u a l to  1.
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i s  d e f in e d  as
qM(W)
rms
1 f -  2
h  I  x±r  x
. . .  (3 .1 5 )
A mean v a lu e  o f r m s - s e n s i t iv i ty  averaged  w ith  r e s p e c t  to  a s e t  o f 
freq u en c ie s  u n ifo rm ly  d i s t r ib u te d  over a chosen hand i s  d e fin e d  as 
F ig u re -o f-M e rit s e n s i t i v i t y :
s:FM i SMK) . . .  1i=1 rms . . .  (3 .1 6 )
and i s  a m easure o f  th e  s e n s i t i v i t y  o f  M to  a l l  th e  e lem en ts , a t  a l l
th e  freq u e n c ie s  o f  i n t e r e s t .
McVey^ compared d i f f e r e n t  netw orks r e a l i s i n g  th e  same fu n c tio n ,
Mby e v a lu a tin g  th e  maximum v a lu e  o f  S fo r  each e lem en t, o f  each netw ork.X
An a l t e r n a t iv e  approach i s  to  produce curves o f  r m s - s e n s i t iv i ty  a g a in s t  
frequency  f o r  th e  d i f f e r e n t  netw orks.
In  a  s im ila r  way, an r m s - s e n s i t iv i ty  and a F ig u re -o f-M e r it  s e n s i ­
t i v i t y  fo r  th e  phase an g le  may be  d e fin e d  by re p la c in g  M(u)) by 9 ( u > ) .
3 .4  SENSITIVITY OPTIMISATION USING FIGURE-OF-MERIT SENSITIVITY
When one deg ree  o f  freedom (independen t cho ice  o f  one param ete r) 
e x is t s  in  a  s y n th e s is  p ro ced u re , many r e a l i s a t i o n s  can be ach iev ed .
The se n s itiv ity -o p tim u m  r e a l i s a t i o n  can be chosen by u s in g
By c a lc u la t in g  fo r  a range  o f  v a lu es  o f  th e  independen t p a ram ete r,
Ma graph o f S i s  p lo t te d  which w i l l  show th e  optimum v a lu e  o f th e  
independent p a ram ete r.
-4 5 -
T his method i s  more d i f f i c u l t  th an  th a t  o f  H orow itz, as i t  needs
a d i g i t a l  com puter, b u t i s  more in fo rm a tiv e : i t  g iv e s  th e  r e s u l t  i n  a
graph form. The method i s  v e ry  g e n e ra l and may be a p p lie d  to  cases
where th e  method o f  Horowitz canno t be a p p lie d .
3 .5  MAXIMUM ERROR CURVES
C onsider a  netw ork having  a v o lta g e  r a t i o  whose modulus i s
M = f (o o ,  y • • • . . .  (3 .1 7 )
Y/here x ^ , . . . , x r  a re  th e  elem ents o f  th e  netw ork.
Then, assum ing l i n e a r i t y ,  
r
A M  = C' xi  •• •  (3*18)
i= lT > X i 1
F r om Eqns. 3 .3  and 3 .1 8
r
A i  = m £ s J  ( T x y x . )  . . .  (3 . 19)
i=1 i
'SC Mwhere & x . /x -  i s  th e  p e r  u n i t  to le ra n c e .  The S may be p o s i t iv e  o r
■J.
n e g a tiv e . I f  th e  to le ra n c e  in  each elem ent i s  -?T per u n i t ,  th e  extrem e 
v a lue  o f A  M i s
^ Mmax = MS. i  |<J . . . ( 3.20)
1=1 1
The curve o f  AM a g a in s t  frequency  w i l l  be term ed th e  Maximum 
E rro r  cu rv e . I t  i s  a  m easure o f  s e n s i t i v i t y .
Such cu rves a re  u s e f u l  i n  f ix in g  th e  elem ent to le ra n c e  to  be used  
to  s a t i s f y  a  s e t  o f  s p e c i f ic a t io n s .
-4 6 -
S e n s i t iv i ty  a n a ly s is  i s  only  m eaningful when F Xi/ x  i s  sm all. In  
RC a c t iv e  s y n th e s is ,  s e n s i t i v i t y  c o n s id e ra tio n s  g e n e ra lly  need"^ 
to  "be le s s  th a n  0.01 j th e n  th e  Maximum E r ro r  curves a re  v a l id .
3 .6  A SCHEME OF SENSITIVITY INVESTIGATION
The s e n s i t i v i t y  o f  a r e a l i s a t i o n  can he in v e s t ig a te d  as fo llo w s:
0 )  D egrees o f  freedom a re  u sed  to  reduce s e n s i t i v i t y  as ex p la in ed  
in  S ecs. 3 .2  and 3 .4 .
(2) The s e n s i t i v i t y  o f  th e  resp o n se  fu n c tio n , to  each p a ss iv e  and 
a c t iv e  elem ent i n  tu rn ,  i s  p lo t te d  a g a in s t  frequency . These
g iv e  th e  c r i t i c a l  elem ents and can be used  to  a d ju s t  a  f in is h e d
netw ork.
(3) I f  d i f f e r e n t  r e a l i s a t i o n s  a re  p o s s ib le ,  u s in g  d i f f e r e n t  p ro ce ­
d u re s , r m s - s e n s i t iv i ty  and Maximum E rro r  curves a re  d e r iv e d  from
(2) .  The optimum r e a l i s a t i o n  can th e n  be chosen.
3 .7  CONCLUSIONS
The F ig u re -o f-M e r it s e n s i t i v i t y  may be used  to  o b ta in  s e n s i t i v i t y -  
optimum netw orks when one degree  o f  freedom e x i s t s .  A lthough t h i s  
procedure  i s  more d i f f i c u l t  to  app ly  th a n  th a t  o f  Horowitz i t  i s  more 
in fo rm a tiv e  and more f l e x ib l e .  The r m s - s e n s i t iv i ty  and Maximum E r ro r  
curves can  be used  to  compare two netw orks r e a l i s i n g  th e  same fu n c tio n . 
The Maximum E r ro r  curve i s  u s e f u l  in  f ix in g  th e  maximum p e rm is s ib le  
to le ra n c e  o f  th e  e lem ents to  s a t i s f y  a s e t  o f  s p e c i f ic a t io n s .
“47"
CHAPTER 4 
THE ACTIVE ELEMENT 
To compare NICs w ith  o th e r  a c t iv e  e lem ents a l l  th e  id e a l  a c t iv e
elem ents sh o u ld  "be c l a s s i f i e d  and some r e l a t i o n  between them found,
P j a l l b r a n t ^  c l a s s i f i e d  th e  id e a l  a c t iv e  e lem en ts . This c h a p te r  g iv es  
a d i f f e r e n t  c l a s s i f i c a t i o n .  The fo llo w in g  a c t iv e  elem ents a re  co n sid e red :
(a) C o n tro lle d  so u rces
(b) N egative impedance c o n v e r te rs
(c ) N egative  impedance in v e r te r s
(d) N egative r e s i s ta n c e
(e j G-yrators
I t  w i l l  be shown th a t  i t  i s  p o s s ib le  to  choose one id e a l  a c t iv e
elem ent which can s im u la te  a l l  th e  o th e r£  *
Some new id e a l  n e g a tiv e  impedance c o n v e r te r  and n e g a tiv e  impedance 
in v e r te r  c i r c u i t s  a re  d e r iv e d .
The most im p o rtan t p r a c t i c a l  a c t iv e  elem ents a re  a ls o  c l a s s i f i e d  
and compared w ith  th e  id e a l  ones,
4.1 CONTROLLED SOURCES
A. D e f in i t io n .
C o n tro lle d  sources a re  tw o -p o rt netw orks whose X m a trix  i s
*  Energy c o n s id e ra tio n s  show t h a t  th e  g y ra to r  i s  a p a s s iv e  e lem ent; 
i t  i s  co n sid e red  because i t  can be s im u la ted  u s in g  a c t iv e  elem ents (Sec.
4 .5 ) .
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• • .  (4*1)
( X i s  a g e n e ra l m a tr ix ; i t  can "be th e  z ,  y , h o r g m a tr ix , depending 
on th e  ty p e  o f  c o n tro l le d  so u rc e ) . The C o n tro lle d  and c o n tro l l in g  
so u rces can be v o lta g e  o r c u r re n t  sou rces and hence fo u r ty p es  e x i s t  
as fo l lo w s :
(1 ) V o lta g e -c o n tro lle d  v o lta g e  source  (vcvs)
(2) c u r re n t  (VCCS)
(3 ) C u rren t v o lta g e  (CCVS)
(4 ) c u r re n t  (CCCS)
When th e  pa ram ete r Xg-j i s  i n f i n i t e ,  fo u r s p e c ia l  ”in f i n i t e - g a i n  
c o n tro l le d  so u rc e s” o f  c o n s id e ra b le  i n t e r e s t  a re  o b ta in ed  (T able 4«1S 
c o l .  2 ) .
F in i te - g a in  c o n tro l le d  so u rces  have f i n i t e  > "t^ey sore assumed 
to  have a common in p u t and o u tp u t te rm in a l as shown in  c o l .  4  o f  T able
4 .1 .  When G-, Y, Z , H a re  p o s i t iv e  th e  c o n tro l le d  sou rces a re  s a id  to  
have p o s i t iv e  g a in s .
An i n f i n i t e - g a i n  source  i s  w r i t t e n  XCXS(c£>) where X i s  V or C; 
a f i n i t e - g a i n  source  i s  w r i t t e n  as XCXS(f ) where F i s  th e  g a in  o f th e  
c o n tro l le d  so u rc e .
B. D e r iv a tio n  o f  f i n i t e - g a i n  so u rces  from in f i n i t e - g a i n  ones.
By u s in g  n e g a tiv e  feedback around an in f i n i t e - g a i n  so u rc e , f i n i t e -  
g a in  sou rces  can  be d e riv e d . The n eg a tiv e  feedback can  be a p p lie d
Lx I =
21
Type ol 
c o n tro l le d  
source
X-p£raraetera F in i te  g a in  
c i r c u i t
CCV3
O l
Hii  u 'M H i'4* CCC3
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i n  fo u r ways:
(1) p a r a l l e l  derived* p a r a l l e l  fe d  feedback y ie ld s  a CCVS(f )
p a r a l l e l
s e r ie s
s e r ie s
VCVS (f ) 
C'C'€3(f ) 
vccs(f )
fo r  each i n f i n i t e - g a i n  so u rce . The c i r c u i t s  o b ta in ed  a re  shown i n  
Table 4 .2  and t h e i r  X m a tr ic e s  i n  Table 4 .3 .  VCVS(F) and CCCS(f) 
have p o s i t iv e  g a in s  b u t VCCS(f) and CCVS(f) have n e g a tiv e  g a in s .
be used  i n  cascade  as shown i n  F ig s . 4*1 to  4 .4 .
4 .2  NEGATIVE IMPEDANCE CONVERTERS
A. Id e a l  W IC c i r c u i t s .
Two b a s ic  id e a l  VNICs have been d e sc r ib e d  in  Sec. 1 .4 : F ig . 4 .53- 
u ses  a VCV3(2) and F ig . 4 .5 b  u ses  a  CCCS(*>o).
B. I d e a l  INIC c i r c u i t s .
Two b a s ic  id e a l  INIC c i r c u i t s  have been d e sc r ib e d  in  Sec. 1 .5 : 
F ig . 4 .6 a  u ses  a CCCS(2) and F ig . 4 .6 b  u ses  a CCCS(oo).
By in c lu d in g  th e  lo ad  impedance* F ig . 4 .6 b  can be redraw n as 
F ig . 4 .7 a . The d o tte d  l in e s  en c lo se  an i n f i n i t e - g a i n  CCCS w ith  p a r a l ­
l e l  derived* s e r i e s  fed  n e g a tiv e  feedback] i t  has a feedback f a c to r  
3  = Zl | zj-+R2 ) * Hence a d i f f e r e n t  e q u iv a le n t c i r c u i t  fo r  t h i s  ty p e  o f  
NIC can be d e r iv e d  as F ig . 4 .7 b  (R ef. 4 7 ).
To o b ta in  g a in s  o f th e  o p p o s ite  s ig n  two c o n tro l le d  so u rces  may
8.c
cc
s(p
) 
1 
7.c
cv
s(p
) 
j 
6.v
cc
s(p
) 
5
.v
cv
s(p
)
T able  4*2 C o n tro lle d  so u rces of  f i n i t e  g a in .
:Y=Z
no
Yv■ rV
o
Yv
>  R
-o .
O A W v
5°) R iUv
C J- o
CC
CS
(F
; 
7 .
CC
V
3(
F)
 
6*
VC
C3
(F
) 
5.
V
C
V
S(
F)
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Table 4*3 X param eters  fo r  th e  f i n i t e - g a in  c o n tro l le d  so u rces  g iv en  in  T ab le . 4*2*
VCVS(cd )
G(.R1+R )
(0+1
(G+1JR
R
0+T
-OR
0+1
D
"w2
Of 1
(G+1 )R
1
7T
r1 (G-i-1 ;+or2
(0+1 (Of 1 )R1
v ocs(< ^)
X (Ri+Rg)- r 1+ r 2
1+YR 1+YR
0
Y
1+YR
(RY-i)
Ri +R2
1+RjY
(R1-fR2 }Y 
' (1+RjY)
1
Y
1
Y
CCV3(«>)
R-j +R2
R1 ^ 2
Z (R-) +R2 )
1
z
Z-R
ZR
0
-ZR
R+Z
0
(R^RgVZ Rj +.Rg 
(Z+R2 )R1 (ZfR2)R1
CCC3(<
(H+pR^HRg
R /H + 1)
(H+1)R
H
(H+1)R
0
-HR
H+1
- (R1+r 2 )h
R1 (H+1)+R,
0 -1
F ig .  h - > 1 VCV3(?; v-lth nega tive  g a in .-
o - lrO
Co)
O ^ i  rO~JY\fi\K~Q~i
a;
F ig .  4 . 2 rC03(F; v.-it’:-* n ega t ive  ga in .
O
4
---------c
/
>~-------
Y: : i
r . Q
o — l
7)rv
— C5-------
i ± G
I,, ■
F i g . 4«3 .yCC3(?) w ith p o s i t i v e .g a in .
Zi
QSsn rO~,/NAA/—O™
F ig .  4  . 4  COVS'(F) w ith  p o s i t i v e  g a in .
A-5 Tdes 1 VNIC c i r c u i t s ; (a) u s in g  a VCV3(2); Qb)' 
u sin g  a CCCS(h ) where K= c>4 .
(.a; ' (T>)
F i g . .4*6 Id e a l  INTO c i r c u i t s ;  (a) usin g  a CCCS(2 ) y  
( b.) u s in g  a CCCS(h) where H= 00 .
•*> v*
Jli
(a)
“ 1
(b)
■’i p .  A. 7 (a) Pi p. L . 6b drawn with  Zr inc lud ed . Dotted l in e s  •-■ ..  i.... I, ,     ...— ■ .     Il «J UMill' !■"' I 1I.-.W •■    .Ml .. .
en c lo se  a VCVSyF; o f  ga in  (Z-+Rg ) /Z ^ ; (by a d i f f e r e n t  
eauS v a len t  c i r c u i t  fo r  Larkv’s IDIC.
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C. New id e a l  NIC c i r c u i t s .
By re p la c in g  th e  CCCS(cO) i n  P ig s . 4 .5b  and 4 .6 b  by a VCVS(oo) 
o r a  CCVS(<50 ) o r a VCCS(C5i0) s ix  new id e a l  NIC c i r c u i t s  r e s u l t .  Some 
o f  th e s e  a re  o f  s p e c ia l  i n t e r e s t .  For exam ple9 th e  c i r c u i t  o b ta in ed
th e  o r ig in a l  c i r c u i t  can n o t.
T ab le  4 .4  shows th e  id e a l  NIC c i r c u i t s  u s in g  in f i n i t e - g a i n  c o n tro l le d
sou rces  and T able  4«5 g iv e s  t h e i r  g m a tr ic e s .
4*3 NEGATIVE IMKiBANCE INVERTERS
N egative impedance in v e r te r s  (N il) a re  tw o -p o rt netw orks which have 
2an in p u t impedance -R /Z ^  when te rm in a te d  by Z^. A lthough th e se  e lem ents 
were r e f e r r e d  to  by Lundry^ and F j a l l b r a n t ^  th e y  have no t been  u sed  i n  
RC a c t iv e  netw ork s y n th e s is .
The c h a in  param eters  fo r  an N il a re  g iv en  by
Two ty p es  o f  N il have been d e sc r ib e d . One type  u ses  p o s i t iv e  and 
n e g a tiv e  r e s is ta n c e s  as shown i n  P ig s . 4 .8 a  and 4 .8 b  and th e  o th e r  type  
u ses  a  CCCS(°0) as shown i n  P ig . 4»9 (R ef. 4 ) .
By in c lu d in g  th e  lo ad  impedance P ig . 4*9 can be redraw n as P ig . 
4 .1 0 a . The d o t te d  l in e s  en c lo se  a  CCCS(cO) w ith  p a r a l l e l  d e r iv e d 9 
s e r ie s  fed  n e g a tiv e  feedback hav ing  a feedback f a c to r  $  = R^/(Zjj-R.2 ) i
u s in g  a VCVS(c£>) can be s im u la ted  u s in g  o p e ra tio n a l a m p lif ie rs  whereas
R (4 .2 )
-1 /R  0
i . e  a  VCVS(f ) o f  g a in  (Zl+R2)/R 2 .
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F ig .  -4*8 Id ea l  NIX c i r c u i t s  u s ing  p o s i t iv e  and n ega tive— . —— » . „ ——  ^  ;.j.
r e s i s t a n c e s .
Fior. 4*9 Id e a l  N i l  c i r c u i t  u s in g 'a  CCCd(IT)  where H~
V i h i
C~
o -
1 6
! a
■— — | 
r  ~  ~ " o
r P :
H
A V R2 1\T ^
f 2 . 1 r  
• *.
■o
F ig .  4 .1 0  I a ) F ig .  4 .9  redrnvn w ith Zj _ i n cluded. Dotted l i nes
enclose  a VCVU'F/ of ^a in  (2. + Rq)/R q* ^  an eqnivaleni
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Three new id e a l  N ils  can "be o b ta in ed  by re p la c in g  th e  CCCS(°0) in  
F ig . 4 .9  by a YGVS(^o) o r a CCVS( ao) o r a VCCS(°0). Table 4 .6  shows 
the. id e a l  N il c i r c u i t s ,  u s in g  i n f i n i t e - g a i n  c o n tro l le d  so u rc e s ; i t  a ls o  
g iv es  t h e i r  c h a in  p a ram e te rs .
4 .4  NEGATIVE RESISTANCE
N egative  r e s i s ta n c e  i s  an a c t iv e  o n e -p o rt network which sends a 
c u r re n t  to  an a p p lie d .g e n e ra to r  p ro p o r t io n a l  to  i t s  emf. F ig . 4.11 
shows a n e g a tiv e  r e s i s ta n c e  connected  to  a g e n e ra to r , showing th e  cu r­
r e n t  flow ing  i n  th e  c o r r e c t  d i r e c t i o n . -
I t  can  be o b ta in e d  by form ing th e  n e g a tiv e  o f  a  p o s i t iv e  r e s i s ta n c e  
u s in g  a NIC.
4 .5  THE G-YRA.TOR
The g y ra to r  i s  a  tw o -p o rt netw ork which has an in p u t impedance
i
O
F ig . 4.11 A n e g a tiv e  r e s i s ta n c e ;  th e  c u r re n t  i s  p o s i t iv e  as 
shown.
p
R /Z-^ when te rm in a te d  by Z-^  and has c h a in  p a ram eters  g iv en  by
(4 .3 )
I05-p
•HC
c•H
fi
•HW
rHflj05TSM
VO
*
-t
0) I—I
cd
EH
& oL <y o'UI *X U U
uprqoq.xnoa:T0
The g y ra to r  was f i r s t  p roposed  by T e l le g e r i^ ,  Two ty p es  o f g y ra to r  
c i r c u i t s  have been d e sc r ib e d . One type  use  th e  H a ll  e f f e c t ^  f Qr  t h e i r  
o p e ra tio n  and a re  p a ss iv e  elem ents and th e  o th e r  u se  a c t iv e  elem ents 
such as t r a n s i s t o r s - ^ .  G y ra to r c i r c u i t s  may a ls o  be o b ta in ed , i n  
th e o ry , by cascad ing  an NIC and an N il as shown in  P ig . 4 .1 2
O -
\
v.
o-
N II NIC
-O
/f \
Yr
~o
P ig . 4 .1 2  A g y ra to r .  
NICs have c h a in  p a ram ete rs  g iv en  by
[ * ] ■
• . .  (4*4):jr1 0
0 M
M u ltip ly in g  m a tr ix  o f Eqn. 4*2 by m a trix  o f Eqn. 4 .4  g iv e s  t h a t  o f  a 
g y ra to r  (Eqn. 4 .3 ) .
4 .6  DERIVATION OF THE ACTIVE ELEMENTS
I t  was shown th a t  a l l  f i n i t e - g a i n  c o n tro l le d  so u rc e s , NICs and 
N ils  can  be d e riv e d  from any i n f i n i t e - g a i n  c o n tro l le d  so u rc e . Nega­
t iv e  r e s i s ta n c e  can be o b ta in ed  by u s in g  p o s i t iv e  r e s i s ta n c e  and a 
NIC and g y ra to rs  by cascad in g  NICs and N ils .  Hence any i n f i n i t e - g a i n  
c o n tro l le d  so u rce  can s im u la te  a l l  th e  o th e r  a c t iv e  e lem en ts . F j a l -  
l b r a n t ^  c a l l s  t h i s  p ro p e r ty  ’A l l  A c t i v i t y ' .  P ig . 4^ 13 i l l u s t r a t e s
n n — - — '—  -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -----
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th e  d e r iv a t io n  o f th e  a c t iv e  elem ents* Two a c t iv e  e lem ents connected  
by l in e s  a re  r e l a t e d :  th e  one in  th e  d i r e c t io n  o f  th e  arrow  can  be 
d e riv e d  from th e  o th e r ,  by u s in g  p a ss iv e  e lem en ts .
4 .7  PRACTICAL ACTIVE EU5MENTS
The id e a l  a c t iv e  elem ents co n sid e red  a re  u s e f u l  on ly  when ap­
p rox im ated  by p r a c t i c a l  e lem en ts . In  t h i s  s e c t io n  th e  most im p o rtan t 
p r a c t i c a l  elem ents a re  co n sid e red : t r i o d e s , .p en to d es , t r a n s i s t o r s ,  
f i e l d - e f f e c t  t r a n s i s t o r s ,  and tu n n e l d io d e s . • T riodes and pen todes 
have s im ila r  e q u iv a le n t c i r c u i t s  and so  only  t r io d e s  a re  co n sid e red .
T rio d e , t r a n s i s t o r  and f i e l d - e f f e c t  t r a n s i s t o r  c i r c u i t s  can be 
d iv id e d  in to  th re e  groups A, B and C, acco rd in g  to  th e  mode o f o p e ra tio n : 
A: (a ) T rio d e  in  common-cathode mode
(b) T r a n s is to r  in  comrnon-emitter mode
(c ) P i e ld - e f f e c t  t r a n s i s t o r  i n  common-source mode 
B: (a ) T rio d e  in  common-anode mode
(b) T r a n s is to r  in  com m on-collector mode
(c ) P ie ld - e f f e c t  t r a n s i s t o r  i n  common-drain mode 
C: (a) T rio d e  in  common-grid mode
(b) T r a n s is to r  i n  common-base mode
(c )  P i e ld - e f f e c t  t r a n s i s t o r  i n  common-gate mode
These c i r c u i t s  a re  shovm in  T able 4«7> T able 4*8 g iv es  t h e i r  
param eters  a t  low and medium fre q u e n c ie s . The ex p re ss io n s  fo r  th e  
t r a n s i s t o r  c i r c u i t  pa ram ete rs  a re  s u i ta b ly  approxim ated.
Table 4.7 Practical active elements*
E .T ra n sisto rT ra n sisto rTriode
“•65”’
Table 4 .6  P aram eters  fo r  th e  p r a c t i ca l a c t iv e  e l .emen ts  shown in  Table 4
Triode. T r a n s is to r F .E . Trans is-
0 0 r e+ (1 - d h o  t ; 1
<3 rc:re : r c ; Rb
p<
outb r a+HL
? aRlT r e
^ V rv T ' r er e  j
Rt r  r  L e e  ;
0 0
RL+r e+ (1-C<)rc  -Rl ( | - ^ ) : 1
cc r cT ?L+V  V r e  ! Rb
PhPoptb rl >" r R-, a L Rb RLr e  1 SmRdRL
r a+RL(j* + i; Rt +r_ L e Hi,’ r e ; V RL( 1 +£mRd> Rd+R
r a 1 Rbr e V b  I Ra
o
1 + J* 1 +JA* Rb+re r c !vr e ' V  ; U SmRd
5ue -1 1 -*'-Rb ^ ( v v V  ; -1 '
rl . r e+Rb RL+rc R e +Rtb  ‘
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S ince  ^  y^2 &£ 722 -*-n §rouP 4  <*® sm all* th e se  c i r c u i t s  can 
he co n s id e re d  as p r a c t i c a l  VCCS(f). C ir c u i ts  o f  group B have o r 
g^2 o r gg2 sm a ll a n d . g ^ - l .  These c i r c u i t s  a re  p r a c t i c a l  VCVS(1). 
C ir c u i ts  o f  group C have h ^  o r hl2  or h22 sm all and h21 ~ -1 ; th e s e  
a re  p r a c t i c a l  CCCS(-i).
S in ce  a l l  a c t iv e  elem ents a re  d e r iv a b le  from any XCXS(00)5 i t  
i s  only  n e ce ssa ry  to  r e a l i s e  th e s e . A p r a c t i c a l  XCXS(g®) hasMX11 ^
X, X r
. . .  (4 .5 )
"21, "‘"22 
where X ^ n^ X ^ ,  X1 , X22 .
The g p a ram ete rs  fo r  an o p e ra t io n a l  a m p lif ie r  s a t i s f y  th e  above 
c o n d itio n ; hence i t  i s  a  VCVS(sO). I t  c o n s is ts  o f many e lem ents o f 
group A and one o f  group B connected  in  tandem; th e  elem ent o f  group B 
i s  connected  a t  th e  o u tp u t. O ther types o f XCXS(°0) can be c o n s tru c te d  
in  a s im i la r  way.
P ig . 4 .1 4  i s  an e q u iv a le n t c i r c u i t  o f  a s u i ta b ly  b ia se d  tu n n e l 
d iode a t  low o r medium fre q u e n c ie s .
O
o -
1
'd -R
F ig . 4 .1 4  An eq u iva len t c ir c u it  for  a tunnel diode,
-6 7 -
In s te a d  o f  u s in g  an NIC to  produce n e g a tiv e  r e s i s ta n c e  (Sec. 4.4-) 
tu n n e l d iodes may be used  i f  th e  p a r a s i t i c  c ap a c itan c e  i s  n o t 
o b je c t io n a b le .
4 .8  CONCLUSIONS
NICs d i f f e r  from o th e r  a c t iv e  elem ents in  th e  way feedback i s  
a p p lie d  round an i n f i n i t e - g a in  c o n tro l le d  so u rc e . I n f in i t e - g a i n  
c o n tro l le d  so u rces  can  s im u la te  a l l  th e  o th e r  a c t iv e  e lem en ts . As 
o p e ra t io n a l  a m p lif ie r s  can be co n sid e red  as p r a c t i c a l  VCVS(^D) they  
can be used* in  theory* to  s im u la te  a l l  the  a c t iv e  e lem en ts .
—68—
CHAPTER 5
NEGATIVE IMPEDANCE CONVERTERS USING OPERATIONAL AMPLIFIERS 
I n  analogue-com puter a p p lic a t io n s  t r a n s f e r  fu n c tio n s  a re  r e a l i ­
sed  u s in g  RC a c t iv e  sy n th e s is  p ro ced u res . P rocedures u s in g  VCVSs 
have been  u sed  a l o t  b u t th o se  u s in g  NICs have n o t: a v a i la b le  NICs 
have u n s a t i s f a c to r y  s p e c i f ic a t io n s  (Sec. 1 .6 ) .  T his c h a p te r  g iv e s  
s a t i s f a c to r y  NICs u s in g  o p e ra t io n a l  a m p lif ie r s  (R ef. 5 1 ).
One VNIC and two INICs a re  d e sc r ib e d . The INICs* vdiich a re  though t 
to  be novel* have a common in p u t  and o u tp u t te rm in a l e a r th e d  and so  
th ey  can  be u sed  w ith  a l l  RC-NIC sy n th e s is  p rocedures in c lu d in g  th o se  
o f  L in v i l l  and Yanagisawa.
The s t a b i l i t y  and accu racy  o f th e  INICs a re  d isc u sse d . The p a ra ­
m eters o f  one INIC a re  m easured and th e  method o f  measurement d e sc r ib e d . 
5.1' VNIC CIRCUIT
O p era tio n a l a m p lif ie r s  can be c o n sid e red  as p r a c t i c a l  VCVS(^°)
(Sec. 4 .7 )  w ith  a common in p u t and o u tp u t te rm in a l e a r th e d . S ince 
F ig . 4 «5h u ses  a  CCCS(co) i t  cannot be s im u la ted  d i r e c t l y  u s in g  opera­
t io n a l  a m p l i f ie r s .  F ig . 4«5& can be s im u la ted  i f  m od ified  s l ig h t ly *
as shown in  F ig . 5.1; (Sec. 1 .4 ) ;  th e n  th e  c i r c u i t  i s  i n  e f f e c t  a VCVS(2).
22F ig . 5*2 shows a  p r a c t i c a l  c i r c u i t*  s im i la r  to  one u sed  by K arplus 
to  s im u la te  a n e g a tiv e  r e s i s ta n c e .  The g param eters  a re
4  |
g^  p = —(— + —) • • • (5*0
R Gt  G2
where
-Gfy = v o lta g e  g a in  o f  a m p lif ie r
-G-2 “  v o lta g e  g a in  o f  a m p lif ie r  A2
r 0£ = o u tp u t r e s is ta n c e  o f a m p lif ie r  k^
I t  i s  assumed th a t  th e  o u tp u t r e s i s ta n c e  o f a m p lif ie rs  Aj and Ap i s  very- 
much sm a lle r  th a n  R. S ince Gvj , ^ 2 ^ ^  Eqns. 5*1 to  5 .4  d e f in e  a  VRIC.
This c i r c u i t  has n e i th e r  o u tp u t te rm in a l a t  e a r th  p o te n t ia l  and so  
i t  cannot be u sed  w ith  L i n v i l l 's  o r  Y anagisaw a!s p ro ced u re . On th e  
o th e r  hand i t  can be u sed  w ith  p ro cedures o f  Chap. 6 o r w ith  t h a t  o f  
K in a riw a la ^  .
5 >2 IITEC CIRCUITS
S ince  Y an ag isaw a 's-^  and Larky*s® c i r c u i t s  g iv en  in  P ig s . 4 .6 a and 
4 . 6b u se  CCCSs th ey  canno t be s im u la ted  d i r e c t l y  u s in g  o p e ra tio n a l 
a m p lif ie r s .  The c i r c u i t  i n  P ig . 5*3* o b ta in e d  from Table 4«4S u ses  a 
VCVS(oG ); it- can be s im u la ted  d i r e c t l y  u s in g  th re e  o r two o p e ra t io n a l  
a m p lif ie r s .  F ig . 5 .4  shows a th r e e - a m p l i f ie r  INIC c i r c u i t .  The g 
param eters f o r  t h i s  . c i r c u i ty  when a re
0 2
P is*  5*2 P r a c t ic a l  VMC c ir c u i t , Wl. - -________ — IIM . . .................
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(2rQ2 + R1()(R + Rt ) 
g = | -----------------------------------------    _  (5 -6 )
12 RjBGg
J. E, + R
g9i = 1 ---------------------------------------- . . .  (5 .7 )
^ 1 rg2
^ 0 2  + *1. p*
§22 . . . ( 5 * 8 )
G2
where G-r>s and r d e f i n e d  i n  Sec. 5.1
The o u tp u t r e s is ta n c e  o f a m p lif ie r s  A^  , A  ^ and A^ i s  assumed to  be 
v e ry  much sm a lle r  th a n  R. S ince > > 1  Eqns. 5*5“5*8 approxim ate to  
Eqns. 1.7* 1 .8  and 1 .1 0 . The accuracy  o f  t h i s  c i r c u i t  in c re a s e s  w ith  
d e c rea s in g  v a lu e s  o f  R^/R u n t i l  R^/R « 1 - Since one o f  th e  in p u t and 
one o f  th e  o u tp u t te rm in a ls  a re  a t  e a r th  p o te n t i a l  t h i s  IKIC can  be 
u sed  i n  a l l  RC-NIC p rocedu res in c lu d in g  th o se  o f L i n v i l l  and Yanagisawa, 
The r a t i o  R^/R2 c o n tro ls  th e  va lue  o f th e  co n v ersio n  f a c to r  o f  th e
INIC.
P ig . 5*5 shows a  tw o -a m p lif ie r  INIC c i r c u i t .  The g param eters  
f o r  t h i s  c i r c u i t 9  when R^=R2, a re  
(2R + R^KR + R  ^)
511 2R1R G2
. . .  (5 . 9)
(2rn? + Ei)(2R + E1 )
g = 1 . ---------------- :-----------   . . .  ( 5 .1 0 )
E1EG2
2(5^ + E)
’2t ~  ”*
. . .  (5.11.)
eg2
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2 (2 rQ2 + R^)
(5 . 12)a’22
The assum ptions made, and th e  scope o f a p p l ic a t io n  o f  t h i s  c i r c u i t  
a re  th e  same as fo r  th e  c i r c u i t  o f  F ig . 5.4*
5 .3  STABILITY OF INIC CIRCUITS
The s t a b i l i t y  o f  th e  INIC c i r c u i t s  can be in v e s t ig a te d  by c o n s i­
d e rin g  th e  e q u iv a le n t c i r c u i t  o f F ig s . 5*4 and 5*5> shown in  F ig . 5*6 , 
Load impedances and Z^2 a re  connected  a t  p o r ts  1i and 2 r e s p e c t iv e ly .  
The c i r c u i t  i s  s ta b le  when th e  v o lta g e  a t  A i s  s t a b l e .  The v o lta g e  
r a t i o  betw een B and A i s
The INIC i s  s ta b le  when th e  denom inator polynom ial has no zeros 
i n  th e  r i g h t  h a l f  s p la n e . I t  i s  o f  i n t e r e s t  to  c o n s id e r  two extrem e 
c a s e s :
(a) P o r t  1 s h o r t - c i r c u i t e d ,  p o r t  2 loaded  w ith  an a r b i t r a r y  
RC impedance .
(b) P o r t  2 i s  o p e n -c irc u ite d , p o r t  1 loaded  w ith  an a r b i t r a r y
V0 GE1 (R, + ZL2)
. . .  (5 .1 3 )
Vi  E1 + ZL iZL2 + + t )E 1ZL2: "
where G i s  a  la rg e  b u t f i n i t e  p o s i t iv e  v o lta g e  g a in . TShen Z^=n^ ( s ) /d ^ ( s )
and v o lta g e  r a t i o  becomes
R ^ d |( s )d 2 (s)+n^, ( s )n 2 (s)+  (G+1i)R^n2 (s)d,j (s)-(G -1  )R^n^ (s )d 2 (s )
. . .  (5 .14 )
PJIC c ir c u i t3"*ajYroli f:
5 ,5  A tv 'o -a ^ r lif ie r  T?:IC c ir c u i t .Fi.
R *i
'L2
RC impedance ZL1"
(a ) When Eqn. 5*13 "becomes
VQ GR-j jjd? (® )R'j n2 (® )"]
. . .  (5 .15 )
V± jE f  -  (G -1 ) r  E^j d2 (s )  + f r  + (G + 1 )E1J n ^ s )
As r  ~7> 0 th e  denom inator polynom ial becomes
D (s) -  R^d2 (s )  + (G + 1i)R1n2 (s )  . . .  (5*1*6)
S ince  i s  an RC d r iv in g -p o in t  im pedance5 th e  zero s  o f  ^ ( s )  and 
d2 (s )  a l t e r n a t e  on th e  n eg a tiv e  r e a l  a x is  and ^ ( o )  ^ 0 and d2 ( o ) > ,  0. 
Hence D (s) has zero s  on th e  n e g a tiv e  r e a l  a x is  o n ly . T here fo re  th e  
c i r c u i t  i s  s ta b le  when any RC impedance i s  connected  a t  p o r t  2 , so 
p o r t  1 i s  s h o r t - c i r c u i t  s t a b l e .
(b) S im ila r ly 9 when Z^2=Rq , Eqn. 5 .13  becomes
VQ GRi + R0)<3-1 (s)
. . .  (5 .1 7 )
^  + (G + l)R ^ jd 1 (s )  + fE 0 -  (G -  i j E ^ n ^ s )
A s|—~> OOD(s) becomes th e  sum o f  two polynom ials v/hose zero s  a l t e r n a t e  
on th e  n e g a tiv e  r e a l  a x i s .  T h e re fo re  D (s) has zero s  on th e  n e g a tiv e  
r e a l  a x is  on ly  and so th e  c i r c u i t  i s  s ta b le  when any RC impedance i s  
connected  a c ro ss  p o r t  1 . Hence p o r t  2 i s  o p e n -c irc u it  s t a b le .
5 .4  ACCURACY OF INIC CIRCUITS
Comparing Eqns. 5 .5 - 5 .8  w ith  Eqns. 5 • 9“5 • 12 shows th a t  th e  d e v ia t io n  
in  the  g pa ram ete rs  from th o se  o f  an id e a l  INIC fo r  th e  tw o -a m p lif ie r  
INIC, though sm a ll5 i s  app rox im ate ly  tw ice  th a t  fo r  th e  th re e -a m p l i f ie r  
INIC.' In  p r a c t ic e  th e  accu racy  o f b o th  c i r c u i t s  depends m ainly  on th e
to le ra n c e  o f  th e  r e s is ta n c e s  u sed , p ro v id ed  t h a t  th e  a m p lif ie rs  have 
t h e i r  nom inal g a in . At h ig h e r freq u e n c ie s  th e  d e v ia t io n  in  th e  g p a ra ­
m eters in c re a s e s  due to  th e  lo s s  o f v o lta g e  g a in . The th r e e - a m p l i f ie r  
i s  th e n  ex p ec ted  to  have a w ider bandw idth.
3 .5  EXPERIMENTAL RESULTS FOR TW0-AM1JFIER INIC
A tw o -a m p lif ie r  INIC was s im u la ted  on a S o la r t ro n  SCD 1.0 analogue- 
computer and i t s  most im p o rtan t p a ra m e te rs , an(3 §21* were m easured.
6 4The o p e ra t io n a l  a m p lif ie r s  have g a in  eq u a l t o  1i0x10 a t  d .c .  and 10 a t  
1i00c/sec. The r e s i s ta n c e s  R were R e s is ta n c e s  R-j. and R2
were made eq u a l to  Ik  S i- 0 .01 fo , Eqn. 5*9 shows t h a t  g ^  i s  o f th e  o rd e r
o rd e r o f  a  few th o u san d th s  o f an ohm, so  no a ttem p t was made to  measure 
e i th e r  g ^  o r g .
A. Measurement o f
P ig . 5 .7  shows th e  c i r c u i t  u sed  to  measure g2i • s 2 * ^3
The m easuring in s tru m en t was a S o la r t ro n  VP253 re so lv e d  component
o f a  few th o u san d th s shows th a t  g22 i s  of*
a re  o p e ra t io n a l  a m p lif ie r s ;  th e  o u tp u t v o lta g e  o f  A^ i s  V ^ - I O ^ - V ^ ) •
in d ic a to r  (R .C .I .)  g iv in g  an accu racy  o f  -2% o f f u l l  s c a le  d e f le c t io n .
The d e f in i t i o n  o f  th e  g p a ram ete rs  g iv e s
(5 .18 )
h  \  \  E
S ince §22^   ^9  e q u iv a le n t to
0 .1 3
Fir*. 5*7 C irc u it fo r the measurement of go j«
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The re s o lv e d  component in d ic a to r  m easures th e  components o f 
and w ith  r e s p e c t  to  a re fe re n c e  s ig n a l .  Then Eqn. 5*19 "becomes
V3
g91  =  t ---------- . . .  (5 .2 0 )
tov1
Thus in s te a d  o f  g ^  , th e  v a lu e  o f  th e  d e v ia t io n  o f  g ^  from u n i ty  i s  
m easured. S ince  th e  d e v ia t io n  i s  sm a ll, th e  accu racy  o f measurement
i s  s u f f i c i e n t .  P ig . 5 .9 b  shows th e  d e v ia t io n  o f 
a g a in s t  frequency ;
from u n i ty ,21
has a d e v ia t io n  o f  *^0 , 1^  in  th e  range 0 - 1 5 0 c /s e c .>21
Pig* 5*9a* shows a rg  g^  a g a in s t  frequency ; i t  i s  n e g l ig ib le  in  th e  
range  0—150c /s e c .
B. Measurement o f  g -)o»
P ig . 5*8 shows th e  c i r c u i t  u sed  to  m easure g ^ *  ^■lie r e s i s t o r s
Ra and R^ a re  s ta n d a rd  1 k$l~0.01t/u. The ou tp u t v o lta g e  o f  A^ i s
V^=tO(R^l2 “RaI-j) .  The in p u t r e s is ta n c e  o f  (=R) sh u n ts  p o r t  1 and 
th a t  o f  Ag (=R) sh u n ts  p o r t  2 . Due to  th e  NIC a c t io n ,  th ey  can c e l 
each o th e r .  Any mismatch in  th e  c a n c e l la t io n  i s  n e g l ig ib le  because 
Ra , R^ R. Then from th e  d e f in i t io n  o f  th e  g param eters  we have
I1 ' v1 i 1 
g12 = — 0  -  g ^ ~ ) = — (-1 - g ^ R a )  • • •  (5-21)
I^ j
S ince g ^ R  t «  1 , t h i s  i s  e q u iv a le n t to
g^2 = *** (-5*22)
The re s o lv e d  component in d ic a to r  m easures th e  components o f 
^2 %) ^ 4  w ith  r e s p e c t  to  a  re fe re n c e  s ig n a l .  When R^-R^,
«78-
1 ~ 2  " o • ^—Q—<^W\/^ *~~0'
Reference 
i) signal.
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V,
g. — 1 ~ •• •  (5 *23)
10I2Rb
As b e fo re 9  th e  d e v ia t io n  o f  from u n i ty  i s  measured and so  
th e  accuracy  o f  th e  measurement i s  s u f f i c i e n t .
Fig,  5»9b shows th e  d e v ia t io n  o f j s ^ j  ^rom a g a in s t  f r e ­
quency. g ^ l  ^as a (3-evi a' t i on ° f  0.2/o in  th e  range 0 -4 5 0 c /sec .
F ig . 5«9a shows a rg  g a g a in s t  frequency ; i t  i s  n e g l ig ib le  in  th e  
range 0- 150c /s e c .
5 .6  CONCLUSIONS
The 'VITEC has n e i th e r  o f i t s  o u tp u t te rm in a ls  a t  e a r th  p o te n t i a l  
and so  i t  canno t be u sed  w ith  L i n v i l l ’s o r Y anagisaw a’s s y n th e s is  
p ro ced u res . The INICs have a common in p u t and o u tp u t te rm in a l e a r th e d  
and can be u sed  in  a l l  RC-NIC p ro ced u res .
A t low fre q u e n c ie s  th e  o p e ra tio n a l a m p lif ie r s  have t h e i r  nom inal 
g a in  and so th e  d e v ia t io n  in  th e  g p a ra m e te rs? from th o se  o f an  id e a l  
INIC* a re  e n t i r e ly  due to  elem ent in a c c u ra c ie s .  In  t h i s  case  th e  
tw o -a m p lif ie r  INIC may be u sed . At h ig h e r  freq u e n c ie s  where th e  ope­
r a t i o n a l  a m p lif ie r s  have a low er g a in  th e  th re e -a m p lif ie r  INIC must 
be u se d 3 s in c e  i t  has s m a lle r  d e v ia t io n  in  th e  g p a ram ete rs .
The INICs have p e r t  1 s h o r t - c i r c u i t  s ta b le  and p o r t  2 o p e n -c irc u i t  
s t a b le .
The v a lu e  o f  g^  ^ d e s id e s  th e  maximum impedance le v e l  to  be u sed  
w ith  an NIC. For th e  INICs g ^  «  100^m ho in  th e  range 0 -8 0 c /s e c .;
2.0
g21 degrees
i i i i i i i i i i i J, U-L
(a)
arg g?1 and
0 - l s , , ! )
arg  g12 and
\1- lS l2P
0 . 8 .
0.6
J or
p e r  
c e n t
0 .2
10 Free, c /se c . 100 10C0\
Ob)
F ig . 5*? Experim ental r e s u l ts
a) arg  g21 and arg g, 9 ag a in st frequency.
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t h i s  a llow s impedances u p to  10M$l. The to le ra n c e  o f param eters
and i s  -  0 .1 $  in  th e  range  0 -8 0 c /se c . Hence th e se  NICs can be u sed
i n  analogue-com puter a p p l ic a t io n s .
-8 2 -
CHAPTER 6
HEW RC ACT I'VE SYNTHESIS PROCEDURES USING- KEG-ATPVE BffEDANCE
CONVERTERS
T his c h a p te r  g iv e s  a  new c o n f ig u ra tio n  which can be u sed  i n  RC 
a c tiv e  netw ork s y n th e s is .  I n  g e n e ra l i t  u ses  a  VCVS hav ing  a n e g a tiv e  
g a in  o f  o rd e r u n i ty  and a VNIC or an INIC. Three sy n th e s is  p ro ced u res  
a re  d e sc r ib e d  u s in g  th e  new c o n f ig u ra tio n  (R ef. 5 2 ); th e s e  r e a l i s e  
t r a n s f e r  fu n c tio n s ✓ &*> <V"&
6 . 1 A M  CONFIGURATION
L i n v i l i ^  and Yanagisawa-^ u sed  two d i f f e r e n t  c o n f ig u ra tio n s  i n  
t h e i r  r e s p e c t iv e  p ro cedu res (Chap. 2 ) .  A new c o n f ig u ra tio n  i s  shown 
in  E ig . 6.1 (page 89) ;  i t  has a  v o lta g e  r a t i o
v 0 (-y f jj)  -  k ^ - y f p
  =r . —...............................................................   • • • ( k0.1iJ
V . tt*A +  v® —k  Y1 y22 22 2 L
where k^ i s  th e  g a in  o f  th e  VCVS and k^ th e  co n v ersio n  f a c to r  o f  th e  
NIC and i s  eq u a l to  u n i ty .
The fo llo w in g  p ro cedu res can be  u sed  w ith  P ig . 6 .1 :
(a )  Networks A and B s y n th e s is e d  as RC—tr e e  netw orks u s in g  
F ia lkow  and G -erst’s p ro c e d u re ^ .
(b) Network A and B s y n th e s is e d  as R C -ladder or as an arrange 
ment o f  R C -ladder netw orks cascaded  w ith  b rid g e d  s e c tio n s  
u s in g  D ash er’s p ro c e d u re ^ .
(c) Networks A and B re p la c e d  by in v e rse -L  netw orks, which
-8 3 -
may "be e a s i ly  sy n th e s is e d  u s in g  F o s te r 's  o r  C au e r 's  canonic  
form s.
6 .2  RC-TREE PROCEDURE
An a p p ro p r ia te  polynom ial decom position  i s  perform ed on the  
t r a n s f e r  fu n c tio n  to  he  r e a l i s e d ,  which i s  p u t in to  th e  form o f  Eqn. 6.1 
E xp ress io n s  a re  th en  a ss ig n e d  to  “y"^* ’‘•^2* *^ 22 ^22 V'^L^ C^ L s a "kas:fy
Theorems 9-11 (Appendix A ). The ex p re ss io n  a ss ig n e d  to  has th e  
p ro p e r t ie s  o f  a  d r iv in g -p o in t  ad m ittan ce  g iv en  hy Theorem 1 (Appendix A) 
The t r a n s f e r  fu n c tio n  to  he r e a l i s e d  i s
n
i z
■ N (s) ^
T (s) = -------- = — ------------r  . . . ( 6 . 2 )
D (s) j r  bi s n_:L
i=0
Let
D (s) =  cLj^s) + ^ ( s )  -  d j ( s )  . . .  (6 .3 )
■where d  ^ ( s )  and d2 (s )  have n o r n~1i d i s t i n c t  n e g a tiv e  r e a l  zero s  and 
d-^(s) has n-1. such z e ro s . The polynom ials dj ( s )  and d g (s )  cannot b o th  
have n-1< z e ro s . Then
d, ( s )  = K,TT ( s  + X . )  = r  e ^ " 1 . . .  (6 .4 )
i=1 1 i=0
where u  = n  o r n -1 ;
3, ( 8 ) = r j t  (s  + ^ . )  = r  . . . ( 6 . 5 )
i=1 1 i=0
where v = n-1 o r  n j
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d3 (s )  = k | t ( s  + £ . )  = 1 1  g , s n”i  . . .  (6 .6 )
i= t  1 1=0
S im ila r ly  l e t
N(s ) = ( s )  -^ n 2 ( s )  . . .  ( 6 . 7 )
where
n .
n i ( s )  =  1 l  ^ s * 1"*1 . . .  (6 .8 )
i=0
n? ( s ) = X  '% sn _ i . . .  (6 -9 )
2 i=0
such th a t
° i > /  0 and d^ />/ 0 . . .  (6 .1 0 )
L e t K be a  p o s i t iv e  c o n s ta n t th e n , from Eqns. 6 .2 ,  6 .3  and .6.7 
we have
T (s)  [ n , ( s ) /K ]  - ^ ^ ( s V kJ
     (6 .11)
K d ^ (s )  + d g (s )  -  d ^ (s )
The c o e f f ic ie n t s  o f  n  ^ (s )/K  and n ^ (s ) /K  a re  chosen to  be eq u a l
to  o r l e s s  th a n  th e  co rrespond ing  c o e f f ic ie n ts  o f  d-j ( s )  and d2 ( s ) j  i . e .
0 • • •  (6 *12)
0 v<(d^/K s < f.± . . .  (6 .1 3 )
A po lynom ial
n-1
Q(s) = | j (s + ^ . )  •• •  (6 .1 4 )
x=i 1
i s  chosen w ith  6 .  such th a t
-85“ '
^ ^  ^  ^ 2  <C 9  * * * 9  ^  $ n ° r  ^  n~l . . . . ( 6 . 1 5 )
0 1 <(£"i <[ S~ 2 <( a • * *9 C ^ n - ? r  ^ n  . . . , ( 6 . 1 6 )
°N<fei <£f -,,<«■ 2 < » • • • > <  j fn - .  . . . .  (6.17)
By d iv id in g  th e  num erator and denom inator o f  th e  r ig h t-h a n d  s id e  
o f  Eqn. 6.11 by Q(s)  and eq u a tin g  th e  r e s u l t in g  e x p re ss io n s  to  th e  
num erator and denom inator o f  th e  r ig h t-h a n d  s id e  o f  Eqn. 6.1 th e  f o l ­
low ing assignm ents can be made:
-y 2^ = [ f l1 ( s ) / iT } /q ( s )  ,  ^  = d 1 ( s ) / Q ( s )  ,
= 0 2  5 ^ 2  ^  d2^S^ Q^S  ^ s
Yl  = d (s ) /Q (s )  *  . . . .  (6 .1 8 )
Then
V0/Vi  = T(s)/K ..... (6.19)
Network A has an o p e n -c irc u it  t r a n s f e r  fu n c tio n
^ ( s )  =  ( “y f 2 ) / ^ 2 =  W A y ^  Cs) (6 ..2 0 )
S im ila r ly  netw ork B has
^ ( s )  = (“y^2 ) /y 22 = j ^ ( s ) A ] / d 2 (s )  • •• (6 . 21)
S in ce  th e  ex p re ss io n s  a s s o c ia te d  w ith  T ^(s) and T ^ (s) s a t i s f y  
Theorems 9“11- (Appendix A ), A and B can  be s y n th e s is e d  as R C -tree  
netw orks u s in g  P ialkow  and G -ers t's  p rocedu re  (Theorem 12) .  can be
r e a l i s e d  u s in g  any one o f  th e  fo u r  canonic  forms (Theorem 2 ).
I t  w i l l  be shown i n  Chap. 7 t h a t  th e  decom positions g iv en  by 
Eqns. 6 .3  and 6 .7  a re  alw ays p o s s ib le  fo r  r a t i o n a l  and s ta b le  t r a n s f e r  
fu n c tio n s . Eqns. 6 .12 and 6 .13  can be s a t i s f i e d  by making th e  c o n s ta n t
-86-
K la rg e  enough. Thus any s ta b le  and r a t i o n a l  t r a n s f e r  fu n c tio n  having  
a num erator o f degree n o r n-1 and a denom inator o f  degree n can  be 
r e a l i s e d .  When T (s) has a  num erator o f  degree  le s s  th a n  n-1 and a 
denom inator o f  degree n th e  e x p re ss io n  a s s o c ia te d  w ith  T ^(s) o r T ^ s )  
has a num erator o f  degree  n-2  o r le s s  and a  denom inator o f  degree n .
Then P ialkow  and G -erst’s p rocedure  cannot be used  (Sec. B.3* Appendix B ).
6 .3  RC-LADDER PROCEDURE
This p ro ced u re  i s  s im i la r  to  th e  above. The denom inator decompo­
s i t i o n  and th e  cho ice  o f  Q(s) a re  th e  same b u t th e  num erator decompo­
s i t i o n  i s  s l i g h t l y  d i f f e r e n t .
Not/ l e t
N (s) = K ^ n ^ s )  -  K ^ n ^ s )  • • •  (6 .2 2 )
where K . K y  0 and
t
n  ( s )  = | j~(s + 2E.) . . .  (6 .2 3 )
a  i =1 1
r
n ^ s )  = I f ( s  + Wj_) . . .  (6 .2 4 )
i=1.
The polynom ials na (s )  and ( s ) have zero s  on th e  im aginary  ax rs  o r in  
th e  l e f t  h a l f  s p la n e  ( t  o r r  n ) .
Prom Eqns. 6 .2 , 6 .3  and 6 .22  we have 
T( s )  [n a (s )}-[Kbnb (s )/K a]
Ka cLj ( s )  + ^ - ( s )  — d ^ (s )
. . .  (6 .2 5 )
-8 7 -
L et
y h  = H l J  . . .  (6 .2 6 )JX2 a 1.2
1:2 V L  - •  (6 -27)
A B
where ^ and A  p a re  r a ^ i os monic polynom ials and and a re  
p o s i t iv e  c o n s ta n ts  to  he de term ined  a t  th e  end o f  th e  r e a l i s a t i o n .  
Prom Eqns. 6 .1 ,  6 .26  and 6 .2 7  we have
v0 (-lf2) - ( - k ^ / H p
H V, - y 4 + y 6 -  Y, a  i  J oo oo 1
• . • (6 .2 8 )
22 22 L
By d iv id in g  th e  num erator and denom inator o f  th e  r ig h t-h a n d  s id e  
o f  Eqn. 6 .25 Ey Q(s) and th e n  eq u a tin g  th e  r e s u l t in g  e x p re ss io n s  to  
th e  r ig h t-h a n d  s id e  o f  Eqn. 6 .28  th e  fo llo w in g  assignm ents can he 
made:
-Y^2 = na ( s ) /Q (s ) ,  y | 2 = d1 ( s ) / q ( s ) 3 -Y^2 = n ^ s J A K s ) ,
^22 = d2^s ^ ^ s ^  YL = a3 ( S)/Q (S) • • •  (6*29)
¥ A >  V Ka . . . ( 6 . 3 0 )
Then
V / q  = HaT (s)/K a . . .  (6.31:)
The e x p re ss io n s  a ss ig n e d  to  - y ^ ? " p h  i p 3 an<^  4 ?
Theorems 3~7 (Appendix A ). Hence netw orks A and B can he sy n th e s is e d
u s in g  R C -ladder netw orks o r an arrangem ent o f R C -ladder netw orks
cascaded w ith  b r id g e  s e c tio n s  (Theorem 8 ) .
The ad m ittan ces  y ^  and y®^ a re  expanded in to  la d d e r  developm ents
L B
so  as to  produce th e  tra n sm issio n  zero s  imposed by Y ^  anc  ^ A  2*
A B  c i
Y/'hen o r has complex zero s  D ash e r’s p rocedu re  must he adop ted .
The r e s u l t in g  m u l t ip l ie r  c o n s ta n ts  Ha and a re  determ ined  a t  
th e  end o f  th e  la d d e r  ex p an sio n s . These c o n s ta n ts  must s a t i s f y  Eqn. 6.30 
The maximum va lu e  o f  Ha and i s  c o n s tra in e d  when a la d d e r  expansion  i s  
used  (Theorem 8 ) ,  b u t th e y  can be g iv en  any va lu e  le s s  th an  th e  maximum 
by m odifying th e  netw ork s l i g h t l y .  A lso  th e  v a lu e  o f k-| may be  chosen 
to  s a t i s f y  Eqn. 6 .3 0 .
6 .4  INVERSE-L PROCEDURE
By re p la c in g  netw orks A and B by in v e rse -L  netw orks P ig . 6 .2  r e s u l t s  
The v o lta g e  r a t i o  o f  t h i s  c i r c u i t  i s  
v0 4  -  k lY®
V± <  + I ?  + Y2 -  k2YL
. . .  (6.32)
where Xg = X^ + Y~ and and k2 a re  eq u al to  u n i ty .
A po lynom ial
n-1
Q(s) = | ~\ (s + £ . )  . . .  (6 .3 3 )
i=1
having  d is t in c t*  n e g a tiv e  r e a l  zero s  i n  chosen . By d iv id in g  th e  nume­
r a t o r  and denom inator o f  Eqn. 6 .2  by Q(s) and th en  expanding N (s)/sQ (s)  
in to  p a r t i a l  f r a c t io n s  we have
N(s) * n-1. £ . s  n , ( s )  n2 (s)
—  ~  L is + C n + y  -------------- --------------------------• • • (6 . 34)
D(s )  ^  m  (s  + S ±) ^  (s )  q2 (s)
where Q(s) = q ^ ( s ) q 2 (s)  and
H-j (s )AL-j(s) = sum o f  p a r t i a l  f r a c t io n  term s w ith  p o s i t iv e  re s id u e s
n2 (^ ) /q 2 (s )  =_ n eg a tiv e
Fi£_„ 6.1 TTevf con f  1 ' 'u r a t 'Io n ,
MIC
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D(s) n, (s) ^ ( s )  D(s) -  [n1(s)q2(s) + n^s jq^s jT ]
Q(s) Oj (s ) q2(s) Q(s) . . .  (6.35)
where
D(s) -  fn, (s)q_(s) + n (s)q, (s) J  1 ±
~ ( -  s + C  _ + ■>GO O
! S
Q(s) . 00 u S  (s + ^ . )
dj (s )  cU (s)
=   -     • .  • ( 6 . 36)
/ n . . qJ (s) q.p(s)
where Q (s) = q ^ (s )q ^ (s )  and
^  ( s ) / q j ( s )  = sum o f  p a r t i a l  f r a c t io n  term s w ith  p o s i t iv e  re s id u e s  
d2 ( s ) /q ^ ( s )  = n e g a tiv e
Prom Eqns. 6 .2 , 6.34*-6.36
n^ j ( s ) n2 (s )
q.i(s) q9 (s)
T (s) = ------------- — ----------------------------  . . .  (6 .3 7 )
ilj ( s )  n2 (s )  d-j (s )  d2 (s)
_ _ _ _ _  _ _ _ _ _  4. _ _ _ _ _  —• _ _ _ _ _
<L,(s) q2 (s )  q^ (s )  q £ (s)
By e q u a tin g  th e  num erator and denom inator o f  th e  r ig h t-h a n d  s id e  
o f  Eqn. 6 .32  to  th e  num erator and denom inator Of th e  r ig h t-h a n d  s id e
o f  Eqn. 6 .37  th e  fo llo w in g  assignm ents can he made:
y |  = ( s ) / q 1 (s )  , Y® = n2 ( s ) /q 2 (s.)
Y2 = d1 ( s ^ ( s )  , Yl  = d2 ( s ) /q ^ ( s )  . . . ( 6 . 3 8 )
Then V ^V  = T (s) . . .  (6 .3 9 )
The p r in c ip le  o f o p e ra tio n  o f t h i s  p rocedure  i s  th e  same as
th a t  o f  McVey's p rocedure  g iv en  in  R ef. 18.
-91:-
6 >5 TYPES OF NIC REQUIRED BY THE ABOVE PROCEDURES
E i th e r  a VNIC o r an INIC can  "be used  w ith  th e  new c o n f ig u ra t io n ; 
a  VCVS(2 ) (VNIC o f  F ig . 1,.6a) can a ls o  he u sed  as shown in  P ig . 6 .3  
(B jo in e d  to  B ') •  Note th a t  V  ^ = 2VQ ; th e  a d d i t io n a l  g a in  f a c to r  may 
he an advan tage .
I f  a p r a c t i c a l  VCVS, hav ing  an o u tp u t r e s i s ta n c e  Tq 9  i s  u sed  in  
P ig . 6*3 th e  o u tp u t impedance i s
S ince  rg  i s  o f  th e  o rd e r o f  a  few ohms in  p r a c t ic e ,  ZQ i s  a ls o  sm all 
and any netv/ork connec ted  a t  th e  o u tp u t o f c i r c u i t  i n  P ig . 6 .3  w i l l  
n o t produce any lo a d in g  e f f e c t .  Hence many seco n d -o rd e r s e c t io n s  can
U sing th e  tw o -a m p lif ie r  INIC, g iv en  in  Sec. 3*2, P ig . 6 .3  r e s u l t s  
(B jo in e d  to  B "); no te  t h a t  V0 f = ~^0 * C onnecting a netw ork, hav ing  an 
in p u t impedance Z^, betw een C and E w i l l  n o t produce any lo ad in g  e f f e c t
r ^  i s  only  a few ohms and hence many seco n d -o rd er s e c t io n s  can  he 
cascaded w ith o u t i s o l a t i n g  a m p li f ie r s .  These a re  n ecessa ry  when anyone o f 
th e  o th e r  INICs g iv e n  i n  Chap. % i s  u sed .
. . .  (6.410
(6 .4 0 )
he cascaded  v /ith o u t i s o la t in g  a m p lif ie r s  (R efs . 52 and 55)*
when Z ± y y  r ^  ( th e  o u tp u t r e s i s ta n c e  o f  a m p lif ie r  ibj ) .  In  p r a c t ic e
k >
o  c
I  MIC v»
F ig . 6.3 The new con fig u.rat.ion using  a VCVS(2) when B i s  jo ined  to  B1 
or the  tw n-sjnn lifie r INIC ■'o f Chap. 5 Y'hen 3 i s  jo ined  to  3%
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6>6 CONCLUSIONS
Three s y n th e s is  p rocedu res a re  a v a i la b le  fo r  th e  new c o n f ig u ra t io n .
The R C -tree  and R C -ladder p ro cedures p ro v id e  two s e ts  o f deg rees o f 
freedom: ch o ice  o f num erator and denom inator decom positions. The 
inverse~L  p rocedu re  p ro v id e s  only  one s e t :  cho ice  o f Q (s). These 
deg rees o f freedom may be  u sed  to  o b ta in  netw orks which a re  l e a s t  
s e n s i t iv e  to  elem ent v a r ia t io n s .  Using e i t h e r  type  o f  NIC g iv en  in  
Chap. 5$ seco n d -o rd e r s e c t io n s  can be cascaded  w ith o u t i s o la t in g  am pli­
f i e r s .  U sing a VNIC in tro d u c e s  a  g a in  f a c to r  o f  2 whereas u s in g  an 
INIC in tro d u c e s  a phase  r e v e r s a l .  W ith t r a n s i s t o r i s e d  NICs th e  p ro p e r ty  
o f  i s o l a t i o n  can on ly  be ach ieved  w ith  a VCVS(2 ) .
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GSAPTER 7
PRACTICAL ASPECTS OF THE RC ACTIVE SYNTHESIS PROCEDURES DESCRIBED
IN CHAPTER 6
T his c h a p te r  in v e s t ig a te s  s e v e ra l  a sp e c ts  o f th e  p ro ced u res  g iv en  
i n  Chap. 6 . The R C -tree  and R C -ladder p ro cedures p ro v id e  two s e t s  o f  
deg rees o f freedom  h u t th e  in v e rse -L  p rocedure  p ro v id es  on ly  one s e t .  
These a re  u sed  to  reduce th e  c o e f f ic ie n t  s e n s i t i v i t i e s  to  a c t iv e  elem ent 
v a r ia t io n s  and th e  number o f  p a s s iv e  e lem en ts . ^
Each o f  th e  th re e  p ro ced u res  i s  t r e a te d  on i t s  own and th en  th e  
th re e  a re  compared. Two o f  th e  p ro cedu res a re  compared w ith  t h a t  of 
L i n v i l l .
A g e n e ra l  seco n d -o rd e r a l l - p a s s  t r a n s f e r  fu n c tio n  i s  r e a l i s e d ,  
f i r s t  w ith  th e  R C -tree  and th e n  w ith  th e  in v e rse -L  p ro ced u re . Each 
o f  th e se  r e a l i s a t i o n s  i s  u sed  to  d e s ig n  a 0.1 second d e la y  netvvork.
The s e n s i t i v i t y  o f  th e  two d e lay  netw orks i s  o p tim ised  by m inim ising  
th e  F ig u re -o f-M e r it  s e n s i t i v i t y .  The two r e a l i s a t i o n s  a re  compared 
u s in g  r m s - s e n s i t iv i ty  and Maximum E r ro r  c u rv e s .
E x p erim en ta l r e s u l t s  a re  g iv en .
7.1 RC-TREE PROCEDURE
A. M in im isa tio n  o f  th e  c o e f f ic ie n t  s e n s i t i v i t i e s  to  th e  a c t iv e  e lem en ts .
Prom Eqns. 6 .1 , 6 .1 8 , 6 .4 -6 .6  and 6 .8 -6 .9  we have
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n
n - iHiSZ . - 1 -
v , n
( 7 . 1 )
1 1 
i=0
where N± = (oi  -  k^dj_)/K and D± = e± + f ± -  k2g± .
The c o e f f ic ie n t  s e n s i t i v i t i e s  o f  th e  v o lta g e  r a t i o  to  v a r ia t io n s  
in  k^ and k2 a re  (Eqn. 3*11 )
hsN = - k 1d./KK. . . .  (7 .2)
S ^ i = - k 2 g i / Di  . . .  (7 .3 )
To m inim ise S p  and th e  polynom ials d z (s )  and ^ ( s )  g iv en  
1 2  *
by Eqns. 6 .3  and 6 .7 jsh o u ld  have minimum c o e f f ic ie n t s .
B. Numerator decom position .
In  th e  decom position
N (s) = n ^ (s )  -  k^n2 (s )  . . .  (7 .4 )
th e  po lynom ials n ^ (s )  and n2 (s )  have p o s i t iv e  c o e f f i c i e n t s .  A ssign ing  
p o s i t iv e  and n e g a tiv e  c o e f f ic ie n ts  o f  N (s) to  n  ^ (s )  and n ^ s )  r e s p e c t i ­
v e ly , i s  minimum. A Horowitz decom position  (Sec. 3 .2 )  has r q ( s )  
and n2 (s )  w ith  n e g a tiv e  r e a l  zero s  whereas n-j (s )  i n  Eqn. 7 .4  can have 
complex z e ro s . This p e rm its  a decom position  which i s  s u p e r io r  to  th a t  
o f  H orow itz ( th e  c o e f f ic ie n ts  o f  n2 (s )  can be  made s m a l le r ) .  T his i s  
i l l u s t r a t e d  by im proving a g e n e ra l seco n d -o rd e r Horowitz decom position .
When k,j=1
2
N (s) = ilj ( s )  -  n2 (s;) = (s + ) -  BQs . . .  (7 .5 )
By Eqn. 7*2 th e  above decom position  can  be improved i f  i s  s u b tra c te d  
from th e  p o s i t iv e  and n eg a tiv e  p a r t  o f Eqn. 7 .5  ( $ i s  a  p o s i t iv e  cons­
t a n t ) .  Then
N (s) =■ n | ( s )  -  n £ (s )  = J^s + ^  ) -  $ s \  -  (BQ -  $ ) s . . .  (7 -6)
The c o n s ta n t ^  can  be made as la rg e  as th e  sm a lle r  o f 2 ^  and Bq .
When BQ 'J 2<X l e t  $ = 2 ^ ;  Eqn. 1 .6  becomes
I\T(s )  — (s^ + OC -  (Bq -  2 ° O s  . . .  (7 .7 )
and hence
njf (s )  = s^ .+  QC  ^ and n ^ (s )  = (Bq -  2 ^ ) s  , .  • (7 .8 )
When 2<x'> BQ l e t  $ = BQ; from Eqn. 1 .6
N (s) = s 2 + (2<X -  B q ) s  + «x2 • • •  (7 -9 )
and hence
n^ (s )  = s 2 + (2 ^  -  B0^s + ^  an^ n2 ^S  ^= 0 *** ^7«^0)
When n^(s)= 0  th e  VCVS(-k^ )■ and netw ork B a re  red u n d an t.
C. Denom inator decom position .
C onsider
D (s) = d ^ (s )  + d2 (s )  -  k2d ^ (s )  . . .  (7 .1 1 )
S in ce  ctj ( s )  and d2 (s )  have n o r n-1 zero s  on th e  n e g a tiv e  r e a l  a x is  
which in te r l a c e  w ith  th o se  o f Q(s) fcLj (s )  and d2 (s )  cannot b o th  have 
n-1 z e ro s ; S ec . 6 . 2I; i t  fo llow s th a t  P (s )= d ,(s )+ d  (s )  has n d i s t i n c t
U.J.1 I C-
n e g a tiv e  r e a l  z e ro s . This can be i l l u s t r a t e d  by sk e tc h in g  th e  po lyno­
m ia ls  d ( s ) ,  d2 (s )  and F ( s ) ,  as in  P ig . 7*1 • C onversely , i f  P (s )  has 
n ze ro s  which in t e r l a c e  w ith  th o se  o f Q(s) i t  may be ex p ressed  as
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d ^ (s )+ d 2 (s )  where clj ( s )  and d2 (s )  have th e  above p r o p e r t ie s .
When k2='1i Eqn. 7*11 becomes
D (s) = F (s )  -  d3 (s )  . . .  (7 .1 2 )
For s ta b le  t r a n s f e r  fu n c tio n s  D (s) has complex zero s  in  th e  l e f t - h a l f  
s p la n e  ( r e a l  zero s  a re  exluded s in c e  th e se  can be r e a l i s e d  u s in g  
p a s s iv e  n e tw o rk s).
The Horowitz decom position  i s
j_ ±2B. p 2*1 9
D (s) = A (s) -  B0B (s) = T T  ( s + ca±) -  BosTT (s + f^ i^
i=1 i=2
. . .  (7 .1 3 )
Eqn. 7*12 canno t be made a  Horowitz decom position  because F (s )  and 
d ^ (s )  have d i s t i n c t  ze ro s  whereas A (s) and B (s) have double z e ro s .
By adding s u i ta b le  i d e n t i c a l  polynom ials to  A (s) and BQB (s) i t  i s  
p o s s ib le  to  m odify a Horowitz decom position  so  as to  have d i s t i n c t  
z e ro s . The c o e f f ic ie n t s  o f  th e se  polynom ials a re  k e p t sm all t o  g iv e  
low c o e f f ic ie n t  s e n s i t i v i t i e s .  The fo llo w in g  two s e c t io n s  show how 
t h i s  i s  done f o r  second- o r fo u r th -o rd e r  t r a n s f e r  fu n c tio n s  w ith  
complex p o le s  (h ig h e r  o rd e rs  a re  p r a c t i c a l l y  ru le d  out from s e n s i t i ­
v i t y  c o n s id e ra tio n s ]  Sec. 2.4-).
D. S econd-o rder t r a n s f e r  fu n c tio n .
A seco n d -o rd e r t r a n s f e r  fu n c tio n  has a denom inator polynom ial 
D (s) = s^ + bs + c . . .  (7 .1 4 )
whose H orow itz decom position  i s
D (s) = A (s) -  BoB(s) = (s + CX ,^)2 -  BQs . . .  (7 .1 5 )
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The above decom position  i s  m od ified  by adding a f a c to r  ~^s to  A (s) 
and BqB(s ) .  Then
D (s) = (s  + oc  ^) 2 + 5 s -  (Bq + % )s  . . .  (7 .1 6 )
and hence
F (s )  = (s  + oc ^ ) 2 + s and d3 (s )  = (Bq + )s  . . .  (7 .17 )
F (s )  and d ^ (s )  now have d i s t i n c t  zeros as needed. The p o s i t iv e  c o n s ta n t
I  shou ld  he sm a ll enough to  g iv e  low s g |  f e n .  7 . 3 )  b u t n o t to o  sm a ll ^
to  g iv e  a  netw ork w ith  s a t i s f a c to r y  sp read  in  elem ent v a lu es  (Sec. 7 .1 *F;
F ig . 7*2 i l l u s t r a t e s  decom position  g iv en  by Eqns. 7.15  and 7 .1 6 .
E. F o u r th -o rd e r  t r a n s f e r  fu n c tio n .
A fo u r th -o rd e r  t r a n s f e r  fu n c tio n  has
D (s) = + bs^ + cs^ + ds + c . . .  (7*18)
w ith  a  H orow itz decom position  ( i l l u s t r a t e d  in  F ig . 7*3)
D (s) = A ( s ) -  B_B(s ) = (s + « . . ) 2 (s  + o k ,)2 -  B s ( s  + f tp )
1 .. .  (7.19)
A polynom ial
f ( s )  =  "?>s(s + t 1 ) ( s  + t 2 ) • • •  (7 .20 )
i s  chosen , where i s  a  p o s i t iv e  c o n s ta n t;  t j  l i e s  betw een 
and and t 2 betw een (S2 and c*2 . For s im p l ic i ty  t^ i s  p la c e d  h a l f ­
way betw een ovj and $ 2 and t 2 halfw ay betw een ^ 2 and ^ 2 a i . e .
and t 2 = (<K2 + 0 2 ) /2  . . .  (7 .2 1 )
Adding f ( s )  to  A (s) and B qB ( s )  g iv es
D (s) = ' | a (s ) + f ( s |  - |B pB (s) + f ( s ) . . .  (7»92)
The polynom ial JBqB(s) + f(slj has n-1 (3) d i s t i n c t  n e g a tiv e  r e a l  zero s
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and th e  polynom ial ]A (s)+ f (s)j has n (4 ) z e ro s . T his decom position  i s  
i l l u s t r a t e d  i n  F ig . 7 .3 . From Eqns. 7 .1 2  and 7 .2 2
F (s )  = A (s) + f ( s )  . . .  (7 .2 3 )
and
d3 (s )  = B ( s )  + f ( s )  . . . .  (7 .2 4 )
The c o n s ta n t shou ld  be k ep t sm all enough to  g iv e  low sj^i 
(Eqn. 7 .3 ), b u t n o t to o  sm all to  g iv e  a network vd-th s a t i s f a c to r y  
sp read  in  elem ent v a lu es  (Sec. 7 .1 .F ) .
F« Choice o f  Q (s).
For a  seco n d -o rd e r t r a n s f e r  fu n c tio n , s e le c t in g
Q (s) = s + *  . . .  (7*25)
a l l  th e  c o n d itio n s  g iv en  by Eqns. 6 .1 3 -6 .1 7  can be s a t i s f i e d .
S im ila r ly  fo r  a fo u r th -o rd e r  t r a n s f e r  fu n c tio n  a s u i ta b le  p o ly ­
nom ial fo r  Q (s) i s
Q (s) = (s + CK.,j)(s + /3 2 ) ( s + o t2 ) (7*26)
As TEj o r 1r> te n d  to  z e ro , zero s  o f F (s )  ][and hence th o se  o f d j ( s )  
and d2 ( s ) j  and d-^(s) ten d  to  co in c id e  w ith  th e  zero s  o f  Q (s) . S ince  
d ^ ( s ) ,  ( ^ ( s )  and ^ ( s ) g iv e  th e  zero s  and Q(s) th e  p o le s  o f  2^2* 3^2 
and th e  p o le -z e ro  d i s t r ib u t io n s  become lo p s id e d . The e f f e c t  o f 
t h i s  i s  t o  y ie ld  a  netw ork w ith  a la rg e  sp read  in  elem ent v a lu es  
(Sec. B .5 , Appendix B ).
G-. R eduction  o f p a s s iv e  e lem en ts .
The number o f p a ss iv e  e lem ents in c re a s e s  w ith  th e  o rd e r o f th e
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• zero3 of zeros of ¥{z
O zeros o f zeros ox*/
F(s) YfhOTl s(s) and\ V v aF ig . 7«1 Sketch of polynomia l s  d., (
and (B^h-'%)s when
—2^r
zeros o f A(s)
X zero3 of B03 (s ) 9
FlS. 7.3 Sketch c f  D(a>, B 3 ( a , ■ ft's). MiaT1) B(s)»f(»3  when a = fe'
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fu n c tio n  to  "be r e a l i s e d  (Eqn. B.37* Appendix B ), The polynom ials
d.j (s )  and d2 (s )  may have n o r n - t  zero s  "but cannot b o th  have n-1
zero s  (Sec. 6 .2 ) .  When n  ^ (s )  ^ o r  n2 ( s ^  has n-1 zeros d>j (s )  Cor
d2 (s.^ may have n-1 zeros (Eqns. 6 .12 and 6.13 a re  n o t v io la te d ) .
Then y^_ (o r y® ) and y -^ (o r y® ) w i l l  have a num erator polynom ial o f 
22 22 12 *12
degree n-1 in s te a d  o f n . Hence T ^(s) |o r  T B ( s ' |  i s  o f  o rd e r n-1 
in s te a d  o f  n and th e re fo re  th e  number o f  p a ss iv e  elem ents needed i s  
red u ced .
The number o f p a s s iv e  elem ents may be f u r th e r  reduced  by red u c in g  
th e  e lem ents re q u ire d  by th e  Fialkow  and G-erst s y n th e s is  p rocedure  
as e x p la in ed  i n  S ec. B .4  (Appendix B ).
H. R C -tree  r e a l i s a t i o n  o f  a  g e n e ra l seco n d -o rd er a l l - p a s s  t r a n s f e r  
fu n c tio n .
L et
N (s) s  ^ -  bs + c
T (s)
D (s) + Ids + c
From S ec. 7*1*B th e  b e s t  num erator decom position  i s  
N (s) = (s^  + c) -  bs ? hence n  ^ (s )  = s^ + c and ^ ( s )  =  bs
D (s) has a  Horowitz, decom position
D (s) = (s + . |c ) 2 -  ( 2 |c  -  b )s  
From Eqn. 7 .17
F (s )  -  cLj(s) + d g (s )  = (s + f c ) 2 + \ s  and d ^ (s )  = (2 fc  + \  -  b )s
S in ce  ^ ( s )  has n-1. (one) zero s  th e n  ( ^ ( s )  may have n-1 zeros
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(S ec. 7*1-G). A lso by making ^ ( s )  = r ^ s J / k j  = l>s/k>j (“k^ i s  th e  
g a in  o f  th e  VCVS) netw ork B can be designed  u s in g  on ly  two elem ents 
Then
cl] ( s )  — F (s )  -  d2 (s )  = s 2 + (2sfcT + \  -  b/k>j )s  + c 
where -  b A ,  >  o so t h a t  d-j ( s )  can have n e g a tiv e  r e a l  z e ro s . 
From Eqn. 7.25 Q(s) = s +
When K=t Eqns. 6 .18  become
s 2 + c s 2 + ^240" + -  b/k^ )s  + c
- y f 2 “ p  3 ^22 ~s + 4 c s + '•Zc
bs ^ bs
- y ® 2 = ---------------------  • y  ----------------
k>] ( s + yc. ) 22 k^ (s + vTc)
(2J75 + -  b )s
s + f c
From Eqn. 6 .19  V</Yl  =  T(s )
Eqns. 6 .20  and 6.21 become
s 2 + c
i H s )   -----------------------;---------------------   , ' ^ ( s )  = 1
s 2 + (2 >fc + "£>'- b /k ^ ) s  + c 
A netw ork r e a l i s i n g  i s :
%  C5
O - A W --------- | |  O
where = 1 /(2  4c + -  b  ) and = (24c' + -  b ) / l c
S in ce  - y ^  = y | g a  s u i ta b le  netvrork B i s :
R1, C1
g -a / w ----------f f— o
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where R  ^ = k-j/b and C1 =  b /k ts|cT
Network A i s  o b ta in ed  from S ec. B.3 (Appendix B) by p u t t in g
^  = (2 /c +  l s ~  V ^ ) .
The netw ork r e a l i s i n g  T (s) i s  i d e n t i c a l  to  th e  f i r s t  s e c t io n  
o f  P ig ." 7 .4  where
5 ~ V k 1 2Jc  + % -  b /k i
Rp ^  s Co =■ -------------------------
(2 J 5 +  " g - b /k jX /B  "5 -  V k ,
2 2 Jp + g , -  b /k |
Rr ~ 3  C? —
2Jc -h ^  -  b /k ,  2J-5-
2( -  b /k . ) (2J cT + 1 ,  -  b/k., )
= ^  w .  x2 > c4 = -----------------------------
2
(2 /C -+  "g -  b /k ., r  ^  2 ^ (  p -  b /k ., )
Choice o f  th e  g a in  k-i: I t  ■was shown in  S ec. I . 1! .F  t h a t  /  shou ld  be
chosen sm all enough to  g iv e  a low b u t n o t to o  sm all to  g iv e  a 
s a t i s f a c to r y  sp read  i n  elem ent v a lu e s . Pour e lem ents have v a lu es  
which a re  d i r e c t l y  o r in v e rs e ly  p ro p o r t io n a l  to  ( -  b /k ^ ) .  Thus,
to  be a b le  to  u se  sm all v a lu es  o f <5 , k-j, must be l a r g e .  A s a t i s f a ­
c to ry  v a lu e  o f  k^ i s  10 .
7 .2  RC-LADDER PROCEDURE
S ec. 6 .3  shews th a t  th e  R C -ladder i s  s im i la r  to  th e  R C -tree  
p ro ced u re . Hence th e  d is c u s s io n  in ' Sec. 7 A  s t i l l  a p p l ie s .
A m inor d if f e r e n c e  betw een th e  two i s  t h a t  i n  th e  R C -tree  p ro ce ­
d u re , rij (s )  and n ^ s )  have p o s i t iv e  c o e f f ic ie n ts  whereas i n  th e  RC- 
la d d e r p ro ced u re  th ey  have no ro o ts  i n  th e  r i g h t  h a l f  s p la n e . When
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N (s) i s  a  H urw itz o r a seco n d -o rd er polynom ial th e re  i s  no d if fe re n c e
7 .3  INVERSE-L PROCEDURE
A. M in im isa tio n  o f  s e n s i t i v i t y  to  th e  a c t iv e  e lem en ts .
Prom Eqns. 6 .38  and 6.32 we have
^  (s )q 2 (s )  -  k1n2 (s )q 1 (s )
V± n1 ( s )q 2 (s )  + n2 (s )q 1 (s )  *  d1 (s )q ^ ( s )  -
■n *
. . .  (7 .2 7 )
n
ID s n~^l
i=0”
n
IE
i=0
W rite
n
n ^ (s )q 2 (s )  = ci sn ~i  **’ (7 .2 8 )
i=0
n
^ ( s j q ^  (s )  = d jS n"’d . . .  (7 .2 9 )
i=0
a
cb], ( s )q p (s )  = e^an 1 . . .  ( 7 *30)
i=0
n
^ ( s k ^ C s )  = Z ^ n_1 • • •  ( 7*31)
i=0
Then from Eqns. 7 .2 7  we have
N± = c i  -  k'jd± . . .  (7 .3 2 )
D^ = c^ + d^ + e^ -  kpf^ • • •  (7 .3 3 )
The c o e f f ic ie n t  s e n s i t i v i t i e s  o f  th e  v o lta g e  r a t i o  to  v a r ia t io n s  
in  k^ and kg a re  (Eqn. 3•11)
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s k^ = - k 1di / Ni  • ••  (7-34)
Skp = “k2f x/t i  • ••  (7*35)
To m inim ise SjJjj- and s R  1^2 (s)^^ (s )  and (s )  shou ld  have
minimum c o e f f i c i e n t s .  The num erator can be made a Horowitz decompo­
s i t i o n  by choosing  Q (s). Then Sj j^- i s  m inim ised b u t Q (s) i s  f ix e d  and 
hence th e  denom inator decom position  i s  f ix e d  ( S ^  may n o t be minimum).
On th e  o th e r  hand Q (s) can be chosen to  m inim ise by m inim ising
th e  c o e f f ic ie n t s  o f  d2 ( s ) q . |( s ) .  The polynom ial
n1 (s )q 2 (s )  + ^ ( s j q ^ s )  + d1 ( s )q ^ ( s )
has d i s t i n c t  n e g a tiv e  r e a l  zero s  (s in c e  t h i s  i s  th e  num erator polynom ial
A Bo f  th e  ad m ittan ce  fu n c tio n  + Y^  + and hence th e  denom inator p o ly ­
nom ial cannot be ex p ressed  as a Horowitz decom position .
Prom Eqn. 6 .36
<3-1 ( s ) q ^ ( s ) - d 2 (s )q 1l (s)= D (s)-& i1 (s )q 2 (s)+ n 2 (s )q 1 ( s ) J  . . .  (7 .36 )
The polynom ial n  ^ ( s )q 2 (s)+ n2 (s)q.j (s )  i s  f ix e d  by th e  num erator decompo­
s i t i o n  and has p o s i t iv e  c o e f f i c i e n t s .  In  g e n e ra l i t  ten d s  to  in c re a s e  
th e  s iz e  o f  th e  c o e f f ic ie n t s  o f d2 (s )q - j( s ) .  As n ^ (s )q p (s)+ n 2 (s )q ^ (s )  
depends on th e  num erator o f th e  t r a n s f e r  fu n c tio n  th e  c o e f f ic ie n ts  o f 
d2 (s)q>j ( s )  can  be m inim ised fo r  each  t r a n s f e r  fu n c tio n  in d iv id u a l ly .
This can  be done by u s in g  a g e n e ra l  Q(s) and th e n  d i f f e r e n t i a t i n g  th e  
c o e f f ic ie n t s  w ith  r e s p e c t  to  th e  zero s  o f Q (s). By o p tim is in g  th e  
denom inator decom position , Q(s) i s  f ix e d , and th en  th e  num erator deco­
m p o sitio n  i s  f ix e d  ( S ^  may n o t be minimum).
-1 0 6 -
I n  g e n e ra l m inim ising le ad s  to  one v a lu e  o f  Q (s ) , and m in i­
mi
m ising  S ,1 to  an o th e r . Then th e  optimum v a lu e  o f  Q(s) canno t be o b ta in ed ;
2
a compromise v a lu e  may, however, be chosen.
The above approach o f  s e n s i t i v i t y  m in im isa tio n  can  a ls o  be a p p lie d
to  th e  p rocedu re  o f  Yanagisawa (S ec. 2 .2 ) ,
B. In v e rse -L  r e a l i s a t i o n  o f  a  g e n e ra l  seco n d -o rd e r a l l - p a s s  t r a n s f e r  
fu n c tio n .
L et
s^  -  b s  + c
T ( a ) . =  — -----------------
s + b s  + c 
Prom Eqn. 6 .33 Q (s) = s + ^  , ^ ^ > 0
Prom Eqn. 6 .3 4  and 6*38
n1 ( s )/1-] ( s ) = s + c / & = Yf 
n2 (s )  (b + S' + c/<^ )s  
q2 (s )  s + & 1‘
Prom Eqns. 6 .36  and 6 .38  
^  (s ) /< lj ( s )  = 0 = Y2 
d g (s )  2 ( & + c / B ) s  
q ^ (s )  s + & = YL
Prom th e  above eq u a tio n s
r i |( s )  = s + c/g- , 112(3) = (b + £> + c /£ 5 )s
q1 (s )  = 1 , q2 (s )  = s + &  ■
c L , ( s ) = 0  , d2 (s )  = 2 ( 6  + c / 6 ) s
q^s) = 1 , q^ (s)-= s + 0
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The r e a l i s a t i o n  o f  T (s) i s  i d e n t i c a l  to  th e  f i r s t  s e c t io n  o f  P ig . 7*5 
where
= Vfa +6r + c/g)  c1 = 1 + b/ 6  + G/cf2
R2 = ^ / c  C2 = 1
E3 = 1 / 2 ( 6  + c / 6 ) C3 = 2(1 + c / G 2 )
M in im isa tio n  o f  s e n s i t i v i t y  to  th e  a c t iv e  e lem en ts: The s e n s i t i v i t y  o f
th e  above r e a l i s a t i o n  to  th e  a c t iv e  e lem ents can be m inim ised as 
e x p la in ed  i n  Sec. 7 .3 .A . S ^ i i s  m inim ised by making ilj ( s )q 2 ( s ) - n 2 (s)q^ (s )  
a  Horow itz decom position , i . e .
(s + c / <5 ' ) ( s  + &  ) -  (b + C3 + c / ^  ) = (s + \ /c )^  -  (b + 2 jc ) s  
Then Q (s) = s + J o  
Prom Eqn. 7*36
’ ^ ( s )q .^  ( s )  = 2 ( 6 +  c / ^ ) s  
Sg i i s  m inim ised by making ( 6  + c /^ * ) a minimum; i . e .  6 - y - o .
Then Q (s) = s + ^Jc. Hence b o th  S ^  and can  be m inim ised f o r  t h i s  
p a r t i c u l a r  t r a n s f e r  fu n c tio n .
The optimum denom inator decom position  g iv en  by Eqn. 7 .2 7  i s  
D (s) = j s ^  +  +
which i s  always worse th a n  th a t  o f  H orow itz, which i s :
D (s) = (s^ + 2 jfcs + c ) -  (2 jc  -  b ) s  
7 .4  COMPARISON OP THE THREE SYNTHESIS PROCEDURES
The th re e  p ro ced u res  g iv en  in  Chap. 6 may now be compared. The 
main recom m endations fo r  a  s y n th e s is  p rocedure  a re :
+ c
J "
4jc s
-1,08-
(a ) Low s e n s i t i v i t y  to  p a ss iv e  and a c t iv e  e lem en ts .
(b) Pew p a ss iv e  and a c t iv e  e lem en ts .
(c ) Easy to  u se .
The in v e rse -L  procedure  i s  th e  e a s ie s t  and needs th e  few est 
p a s s iv e  elem ents because i t  u ses  canonic  c i r c u i t s .
The R C -tree  and R C -ladder p ro cedures g iv e  netw orks w ith  sj j^- and 
o f  th e  same o rd e r because th e y  use  n e a r ly  id e n t i c a l  polynom ial 
d ecom positions. Por h ig h e r-o rd e r  t r a n s f e r  fu n c tio n s , th e  R C -tree 
p ro ced u re  needs an e x ce ss iv e  number o f  p a s s iv e  elem ents (Eqn. B .37 , 
Appendix B) and th e  RC—la d d e r  p rocedure  may become complex ( th e  D asher 
c y c le  may have to  be a p p lie d  tw ic e , f o r  a  fo u r th -o rd e r  t r a n s f e r  fu n c t io n ) .  
On th e  o th e r  hand, fo r  seco n d -o rd e r t r a n s f e r  fu n c tio n s , b o th  p ro cedu res 
g iv e  s im i la r  netw orks, about th e  same number o f  p a s s iv e  elem ents and 
com plex ity  o f  th e  same o rd e r .
In  a l l  th re e  p ro cedu res th e  n e g a tiv e  p a r t s  o f decom positions o f 
N (s) and D (s) sh o u ld  have c o e f f ic ie n ts  which a re  as sm all as p o s s ib le  
( to  g iv e  minimum sjj/j- and S ^ ) . In  th e  in v e rse -L  p rocedure  th e  decompo­
s i t i o n  o f  N (s) can  be made a Horowitz b u t D (s) can n o t. The decom posi­
t i o n  o f  D (s) i s  r e s t r i c t e d  by th e  num erator decom position  (Sec. 7 .3»A ).
I n  th e  R C -tree  and R C -ladder p ro ced u res  th e  decom position  o f  N (s) can 
be made s u p e r io r  to  th a t  o f  Horowitz (Sec. 7 .1 .B ) . The decom position  
o f  D (s) can be im proved u n t i l  th e  sp read  i n  elem ent v a lu es  becomes 
la rg e  (S ecs . 7 -1 .C -7 .1 .P ) .  In  g e n e ra l  th e  R C -tree  and R C -ladder p ro c e -
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d u re s  p e rm it b e t t e r  decom positions o f N (s) and D (s ) ; th en  le s s  s e n s i t iv e  
netw orks w i l l  r e s u l t .
The R C -tree  and R C -ladder p ro cedu res do no t need th e  VCVS(-kj ) 
when th e  t r a n s f e r  fu n c tio n  has p o s i t iv e  num erator c o e f f ic ie n ts  (Sec.
7*1'.B ). This i s  always needed by th e  in v e rse -L  p ro ced u re .
7 .5  COMPARISON OF THE RC-TREE AM) RC-LADDER PROCEDURES WITH LINVILL’S
Any t r a n s f e r  fu n c tio n  w ith  some n e g a tiv e  num erator c o e f f ic ie n ts  
(b u t no p o s i t iv e  r e a l  z e ro s)  can be made to  have p o s i t iv e  num erator 
c o e f f ic ie n t s  ( th i s  i s  done by m u ltip ly in g  th e  num erator and denom inator 
o f  th e  t r a n s f e r  fu n c tio n  by a s u i ta b le  f a c to r ;  R ef. 5 3 ) . Then th e  
VCVS(-k>j ) and netw ork B a re  n o t needed(Sec. 7.1 ,B ). I t  may however be 
b e t t e r  to  r e t a i n  them as a  f a c to r  in c re a s e s  th e  o rd e r  o f  th e  t r a n s f e r  
fu n c tio n . Such a f a c to r  i s  n ecessa ry  i n  L i n v i l l ’s p rocedure  when th e  
t r a n s f e r  fu n c tio n  has zero s  in - th e  re g io n  |a rg  s < n / n .
U sing th e  p rocedures o f  Chap. 6 seco n d -o rd e r s e c t io n s  can be 
cascaded  w ith o u t i s o la t in g  a m p lif ie rs  (Sec. 6 .5 ) 5  th e se  a re  always 
needed i n  L i n v i l l ’s p ro ced u re  (R ef. 6 ) .
7 .6  DESIGN OF A DELAY NETWORK
A. R e a l is a t io n .
In  t h i s  s e c t io n  th e  d e s ig n  o f  a  network to  g ive  an approxim ate 
d e lay  o f  0.1 second in  th e  frequency  range 0- 15c /s e c .  i s  d e sc r ib e d .
The approx im ation  chosen i s  th e  fo u r th -o rd e r  sym m etrical Pad6 fu n c tio n  
(no rm alised  to  1 second)
-H O -
34 -  20s^ + 1,80s2 -  840s + 1 6 8 0
T (s) = •----------- ------------ ------------------------  . . . ( 7 . 3 7 )
s ^  + 20s^ + 1.80s + 840s + 1680
E i th e r  a s in g le  s e c t io n  or two s e c tio n s  i n  cascade can be u sed . By 
u s in g  two s e c t io n s  in  cascade th e  number o f p a ss iv e  e lem ents i s  re d u ­
ced, th e  s e n s i t i v i t y  i s  sm a lle r  and th e  sy n th e s is  p rocedure  s im p le r. 
T (s)  can be Y ^ritten as
T (s )  = T .,(s)T2 (s )  . . .  (7 .38 )
where
s2 -  11 .585s + 36.56
^ ( s )   --------------------------------- . . .  (7 .3 9 )
s 2 + 11 .585s + 36.56
s 2 -  8 .415s + 45.95
T 2 ( s )   -------------------------------- . . .  (7 .4 0 )
s 2 + 8 . 415s + 45.95
The d e la y  netw ork was d esigned  u s in g  b o th  th e  R C -tree  and in v e rse -L
p ro c e d u re s . The R C -tree r e a l i s a t i o n  was o b ta in ed  from Sec. 7.1 *H and
th e  in v e rse -L  one from Sec. 7»3«B.
To choose a  v a lu e  o f  th e  v a r ia t io n  o f  th e  sp read  in  elem ent
v a lu e s  shou ld  be known (Sec. 7.1 .P ) .  Two  m easures o f  th e  sp read  in
elem ent v a lu es  a re  Bmax/Rmpn and Cmax/C mj_n . ( The s m a lle s t  v a lu e  o f <9
can  be o b ta in e d  by f ix in g  maximum v a lu es  f o r  Rmax/Rmj_n and ^m ax^m in '
Using in v e rse -L  netw orks th e  param eter €> can be made equal to
j o  9  to  m inim ise Sk j  and e c . 7 .3 .B ) .
B. S e n s i t iv i ty  in v e s t ig a tio n ..
Another s e n s i t iv i t y  in v e s t ig a t io n  was described  in  S ec. 3*6.
Using th e  F ig u re -o f-M e r it s e n s i t i v i t y ,  th e  p a ram eters  and can 
be chosen to  g iv e  minimum o v e r a l l  s e n s i t i v i t y  to  th e  p a s s iv e  and a c t iv e  
e lem en ts . T his d i f f e r s  from th e  s e n s i t i v i t y  m in im isa tio n s  d e sc r ib e d  
in  S ecs. 7 A ,k  and 7 .3 .A  which m inim ise th e  c o e f f ic ie n t  s e n s i t i v i t i e s  
to  th e  a c t iv e  elem ents o n ly . The r m s - s e n s i t iv i ty  and Maximum E rro r  
cu rves a re  u sed  to  compare th e  two r e a l i s a t i o n s .
A d i g i t a l  com puter programme was w r i t t e n  which computes fo r  each 
s p e c i f ie d  frequency  and v a lu e  o f and :
(1 ) The elem ent v a lu es  x ^ , . . .  ,Xp fo r  th e  netw ork having  a v o lta g e  
r a t i o  G-(s).
(2) The va lu e  o f M = G -(juj)| when one x^ i s  re p la c e d  by kxp
where k = 0 .8 5 (0 .0 5 )1 .1 5 .
(3) The r e s u l t in g  "bM/^jXp u s in g :
1 p  1 1
  = —  M1 -M-1 -  - (  5  %  -  S  M-1 ) + — ( 5 ^ 1-  ) + . . .
<^ x i  2h _  6 30 * (7*41)
(4) The r m s - s e n s i t iv i ty  (S?? a ) averaged  over a l l  x- .rms
(5 ) The F ig u re -o f -M e r it ' s e n s i t i v i t y  (S ^ .) .
I t  was d ec id ed  to  in v e s t ig a te  th e  s e n s i t i v i t y  o f th e  modulus 
r a th e r  th an  th e  phase ang le  o f  th e  v o lta g e  r a t i o ,  because p re lim in a ry  
s tu d ie s  in d ic a te d  i t  to  be th e  more s e n s i t iv e  to  elem ent v a r ia t io n s .  
R C -tree r e a l i s a t i o n :  For th e  T-j (s )  netw ork, th e  v a r ia t io n  o f  S ^ ,  w ith  
i s  shown i n  Graph 7.1 • ^fm» l ik e  S ^ ,  needs ^  to  be as sm all as 
p o s s ib le .  Thus i n  red u c in g  th e  o v e ra l l  s e n s i t i v i t y  to  th e  a c t iv e
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and p a ss iv e  elem ents i s  reduced . To o b ta in  a s a t i s f a c to r y  sp read  in  
elem ent v a lu es  and n were p lo t te d  a g a in s t  \  as
shown i n  Graph 7 .2 . A s u i ta b le  va lu e  o f i s  2 , g iv in g  ^ma3P ^ mj_n =
^max/^min ~
The T2 (s ) netw ork was t r e a te d  in  th e  same way; a  s a t i s f a c to r y  
v a lu e  fo r  "*% was a g a in  2 . The r e s u l t in g  network r e a l i s i n g  T (s) i s  
shown in  F ig . 7 .4 . Graphs 7*3 and 7 .4  show curves o f  s e n s i t i v i t y  to  
s in g le  e lem ents f o r  th e  T ^ (s) and T2 (s )  netw orks r e s p e c t iv e ly .
In v e rse -L  r e a l i s a t i o n :  The curve o f a g a in s t  fo r  th e  T-j (s) n e t­
work i s  shown i n  Graph 7*5. i s  minimum n ear <o = j  36 .56 -  6 .0 4 5 9
th e  v a lu e  m inim ising  Sp- and S'?!, u s in g  a Horowitz decom position .
1 *2
Curves o f  Rmax/R in^ ri and Gmax/ Gmi n a g a in s t  £5 a re  shown i n  Graph 7 .6 ; i t  
i s  i n t e r e s t i n g  to  no te  th a t  th e  netvrorks o b ta in ed  u s in g  Horowitz 
decom position  have minimum sp read  i n  elem ent v a lu e s .
The T 2 ( s ) netw ork was o p tim ised  by making = J  45^95 * The n e t ­
work r e a l i s i n g  T (s) i s  shown in  F ig . 7-5* Graphs 7 .7  and 7 .8  show 
in d iv id u a l  s e n s i t i v i t y  cu rves f o r  th e  T ^ (s) and T2 (s )  netw orks re sp e ­
c t i v e ly .
S e n s i t iv i ty  com parison: To compare th e  two r e a l i s a t i o n s ,  r m s - s e n s i t iv i ty
cu rves and Maximum E rro r  cu rves (u sin g  p a s s iv e  and a c t iv e  e lem ents o f 
to le ra n c e  -1%) were d e riv e d  from Graphs 7.3**7.4 and 7*7“7 .8 S as shown 
in  Graphs 7 .9  and 7*10. These graphs show t h a t  th e  R C -tree r e a l i s a t i o n  
has r m s - s e n s i t i v i ty  and Maximum E rro r  h a l f  th a t  o f th e  in v e rse -L  r e a l i —
• Graph 7.2 V aria tio n  of spread in  element values w ith *5 :
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s a t io n ,  a t  a l l  freq u e n c ie s  c o n sid e red .
The R C -tree  p rocedure  was expected  to  g iv e  a le s s  s e n s i t iv e  n e t ­
work because  b e t t e r  decom positions o f N(s) and D (s) a re  p o s s ib le .
These decom positions can  now be compared, u s in g  th e  chosen v a lu es  o f  
15 and ^  . Using R C -tree  netw orks
where b=11.585, c=36.56 fo r  T^  (s )  
and b=8.41-5, c=45*95 f o r  ^ ( s )
The decom position  o f Eqn. 7»42 has a n e g a tiv e  p a r t  w ith  a sm a lle r  c o e f­
f i c i e n t  th a n  th e  decom position  o f Eqn. 7 .4 4 ; s im i la r ly  decom position  o f 
Eqn. 7*43 i s  b e t t e r  th a n  th a t  o f Eqn. 7*45 fo r  bo th  T ^(s) and TgCs).
The s e c tio n s  r e a l i s i n g  TgCs) a re  more s e n s i t iv e  to  elem ent v a r ia ­
t io n s  th a n  th o se  r e a l i s i n g  T j ( s )  because  T2 (s )  has p o le s  whose Q -fa c to r  
i s  l a r g e r  th a n  th a t  o f  th e  p o le s  o f T*j(s). Using components o f to le ra n c e  
-1fo th e  Maximum E rro r  in  th e  am plitude  re sp o n se  i s  about -1 0% u s in g  
R C -tree  netw orks, and -22% u s in g  in v e rse -L  netw orks.
C. E xperim en ta l r e s u l t s .
The netw orks in  F ig s . 7 .4  and 7-5 have been c o n s tru c te d  u s in g  
components o f  to le ra n c e  -1 % and th e  tw o -a m p lif ie r  INIC o f Chap. 5
N (s) =■ (s^ + c) -  bs
D (s) = [s2 - + (2,|c + 2 )s  + cj -  (2J c  -  b + 2 )s
(7 .42 )
(7 .4 3 )
and u s in g  in v e rse -L  networks
(7 . 44 )
( 7 . 45)
-1 2 5 -
(R es is ta n c e s  o f th e  INIC had to le ra n c e  - 0 .1 ^ ) .
Graph shows th e  am plitude  resp o n ses  o f  th e  two r e a l i s a t i o n s .
The e r r o r  in  th e  am plitude  v a r ie s  betw een +2% and ~0o fo r  th e  R C -tree  
r e a l i s a t i o n  and betw een + 6 % and -7% fo r  th e  in v e rse -L  r e a l i s a t i o n .  The 
e r r o r  i s  much s m a lle r  th a n  th e  Maximum E r ro r  p re d ic te d ,  which i s  -1 0/2 
f o r  th e  f i r s t  and -22/2 fo r  th e  second r e a l i s a t i o n .  The la r g e r  e r r o r  
i n  th e  in v e rse -L  r e a l i s a t i o n  i s  most p robab ly  due to  th e  h ig h e r  s e n s i ­
t i v i t y  .
Graph ~JA2 shows th e  phase resp o n ses  fo r  th e  two r e a l i s a t i o n s .  As 
th e  e r r o r  i s  n e g l ig ib le  i n  b o th  r e a l i s a t i o n s ,  i t  i s  p o s s ib le  th a t  th e  
phase  ang le  i s  le s s  s e n s i t iv e  to  elem ent v a r ia t io n s  th an  th e  modulus 
o f  th e  v o lta g e  r a t i o .
The t r a n s i e n t  resp o n se  o f T (s) to  a s te p  fu n c tio n  i s  shown in  
F ig . 7 .6 a . E xperim en ta l t r a n s ie n t  re sp o n se s , fo r  th e  two r e a l i s a t i o n s ,  
a re  shown in  P ig s . 7 .6b  and 7 .6 c ; th ey  seem alm ost i d e n t i c a l  and ag ree  
w ith  th e  th e o r e t i c a l  one.
7 .7  CONCLUSIONS
For seco n d -o rd e r t r a n s f e r  fu n c tio n s , th e  R C -tree and RC-ladder 
p ro ced u res  a re  s im i la r  and have th e  same m e rits  and d e m e rits . E i th e r  
p ro ced u re  r e q u ir e s  more p a s s iv e  e lem ents th a n  th e  in v e rse -L  p ro ced u re ; 
however, th e  r e s u l t in g  netw orks a re  expected  to  be le s s  s e n s i t iv e  to  
a c t iv e  elem ent v a r i a t i o n s . The- R C-tree and RC—la d d e r  p ro ced u res  do 
n o t need th e  ) ( i t  i s  u sed  fo r  t r a n s f e r  fu n c tio n s  w ith  some
irrwi inr
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■■Fig.- 7 .6  T ransien t response to  a s tep  in p u t.
(a) T h eo re tica l curve.
M .  Experim ental curve fo r  RC-tree r e a l is a t io n .  
(c) Experim ental curve for- inverse-L  r e a l is a t io n .  
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n e g a tiv e  num erator c o e f f ic ie n ts  to  avo id  th e  need fo r  s u rp lu s  f a c to r s ) .  
T h is i s  always needed in  th e  in v e rse -L  p ro ced u re .
Two m e rits  o f  th e  R C -tree  and RC-ladder p ro ced u res , compared to  
L i n v i l l ’s ,  a re :
(a) No i s o la t in g  a m p lif ie rs  a re  needed betw een s e c t io n s .
(b) S urp lus f a c to r s  can be avo ided .
U sing th e  in v e rse -L  procedure  a polynom ial Q(s) can  be chosen so 
as  to  m inim ise th e  num erator o r th e  denom inator c o e f f ic ie n t  s e n s i t i v i ­
t i e s  b u t n o t b o th  (ex cep t f o r  seco n d -o rd e r, a l l - p a s s  t r a n s f e r  fu n c t io n s ) .  
F or any seco n d -o rd e r t r a n s f e r  fu n c tio n  Q (s) has one ze ro  and i t s  optimum 
v a lu e  can be chosen u s in g  th e  F ig u re -o f-M e rit s e n s i t i v i t y .
Using th e  R C -tree o r R C -ladder p rocedure  th e  num erator and deno­
m in a to r decom positions can be chosen to  m inim ise b o th  th e  num erator 
and denom inator c o e f f ic ie n t  s e n s i t i v i t i e s .  In  o p tim is in g  th e  deno­
m in a to r decom position  one param eter must be chosen sm all enough to  
g iv e  low s e n s i t i v i t y  b u t n o t to o  sm all t o  g iv e  a  network w ith  s a t i s f a ­
c to ry  sp read  in  elem ent v a lu e s . This p a ram eter can a ls o  be chosen 
u s in g  th e  F ig u re -o f-M e r it  s e n s i t i v i t y .
The R C -tree  r e a l i s a t i o n  o f a sec o n d -o rd e r, a l l - p a s s  fu n c tio n  
needs 10 elem ents and^ inverse-L  r e a l i s a t i o n  6.
For a  fo u r th -o rd e r  a l l - p a s s  d e la y , m inim ising  e i t h e r  th e  F ig u re -  
o f-M e rit s e n s i t i v i t y  o r th e  c o e f f ic ie n t  s e n s i t i v i t i e s  to  th e  a c t iv e  
e lem ents gave id e n t i c a l  r e s u l t s .  Hence m in im ising  th e  s e n s i t i v i t y  to
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th e  a c t iv e  e lem ents m inim ises th e  s e n s i t i v i t y  to  a l l  th e  e lem en ts , 
p a s s iv e  and a c t iv e .
The s e n s i t i v i t y  (rms and Maximum E rro r)  o f th e  R C -tree r e a l i s a t i o n  
i s  h a l f  th a t  o f  th e  in v e rse -L , because b e t t e r  decom positions o f N (s) 
and D (s) a re  p o s s ib le .  The s e c t io n s  w ith  p o le s  n e a re r  to  th e  im aginary  
a x is  o f th e  s p la n e  a re  more s e n s i t iv e ,  as would be exp ec ted .
In  th e  in v e rse -L  p ro ced u re , minimum sp read  in  elem ent v a lu es  i s  
a ch iev ed  w ith ,a  Horowitz decom position .
For an ex p erim en ta l 0.1 second d e lay  netw ork th e  in v e rse -L  r e a l i ­
s a t io n  had la r g e r  am plitude e r r o r  th a n  th e  R C -tree one; t h i s  i s  most 
p ro b ab ly  due to  th e  h ig h e r  s e n s i t i v i t y .  The e r r o r  in  th e  am plitude 
re sp o n ses  was much sm a lle r  th a n  th a t  p re d ic te d  by th e  Maximum E rro r  
c u rv e s . The e r r o r  i n  th e  phase resp o n ses  was r e l a t i v e l y  s m a lle r  th a n  
t h a t  in  th e  am plitude  re sp o n se s ; th e  phase i s  perhaps th e  le s s  s e n s i ­
t i v e  to  elem ent v a r ia t io n s .
CHAPTER 8
APPLICATION OP RC-TREE AND RC-LADDER PROCEDURES TO YANAGISAWA'S
CONFIGURATION
This c h a p te r  a p p lie s  th e  R C -tree  and R C -ladder p ro ced u res  o f  
Chap. 6 to  th e  c o n f ig u ra tio n  o f  Yanagisawa. The r e s u l t in g  m e rits  
and d em erits  a re  d is c u s se d .
E xperim en ta l r e s u l t s  a re  g iv en .
8.1; RC-TREE PROCEDURE
L et Eqn. 6 .3  ta k e  d 2 (s)= 0 . Then fj_=0 in  Eqn. 6 .5  J hence Eqn. 6.1 
i s  i r r e l e v a n t .  I n  Eqn. 6 .13 re p la c e  f^  by g^.
By d iv id in g  th e  num erator and th e  denom inator o f th e  r ig h t-h a n d  
s id e  o f Eqn. 6.11. hy Q(s) and eq u a tin g  th e  r e s u l t in g  ex p re ss io n s  to  
th e  num erator and denom inator o f th e  r ig h t-h a n d  s id e  o f Eqn. 2.11 th e  
fo llo w in g  assignm ents can  be made:
- y |2 = ti, (s)/K Q (s) , y^2 = &, (s ) /Q (s )
~y12 = n2 ^s )/K Q (s) , = <3-j(s)/Q(s) . . .  (8.1.)
Then
V0/Vi  = T (s)/K  • • •  (8 .2 )
and
T ^(s) = rL j(s ) /d ^ (s )  , T ^ (s) = ^ ( s ^ d ^ s ) . . .  (8 ,3 )
The r e a l i s a t i o n  i s  com pleted as ex p la in ed  in  Sec. 6 .2
8 .2  RC-LADDER PROCEDURE
M odifying Eqn. 2.11 as shown by Eqns. 6 .2 6 -6 .2 8  we have
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Vo (-X f2 ) ~ (-HbI ? 2/H a )
 — •— ---------------------------  . . .  (8 . 4 }
y-A- -  y B  
22 22
By d iv id in g  th e  num erator and denom inator o f th e  r ig h t-h a n d  s id e  
o f  Eqn. 6.25 hy Q (s) and th en  eq u a tin g  th e  r e s u l t in g  ex p re ss io n s  to  
th e  num erator and denom inator of th e  r ig h t-h a n d  s id e  o f  Eqn. 8 .4  th e  
fo llo w in g  assignm ents can he made:
~Y t 2  ~  n a ( s ) / Q ( s )  » ^  ( s ) / q ( s )
~  = d ^ ( s ) / Q ( s )  . . .  ( 8. 5 )
V Ha = V Ka • • •
Then
VV± = HaT(s)Aa ...(8.7)
The r e a l i s a t i o n  i s  com pleted as ex p la in ed  in  Sec. 6 .3  •
8 .3  PRACTICAL ASPECTS
The s e n s i t i v i t y  o f  th e  above p rocedure  i s  m inim ised as e x p la in ed  
i n  Chap. 7*
The o n e -p o rt netw ork in  E ig . 6.1 i s  now e lim in a te d ; t h i s  may 
red u ce  th e  number o f e lem ents s l i g h t l y .
Using Y anagisaw a’s c o n f ig u ra t io n  th e  VCVS(-k^) can be e lim in a te d
w ith o u t in tro d u c in g  su rp lu s  f a c to r s  (S ec. 7*5)• In  g e n e ra l i s o la t in g
a m p lif ie r s  betw een seco n d -o rd e r s e c tio n s  a re  needed. U sing th e  INICs 
o f Chap. 5 th e  i s o la t in g  a m p lif ie rs  can a ls o  be e lim in a te d  as ex p la in ed  
in  S ec . 6 .5  • I n  analogue-com puter a p p lic a t io n s  Y anagisaw a’s co n fig u ­
r a t i o n  u ses  le s s  o p e ra t io n a l  a m p lif ie rs  ( fo r  t r a n s f e r  fu n c tio n s  w ith
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some n e g a tiv e  num erator c o e f f i c i e n t s ) .
U sing Y anagisaw a’s c o n f ig u ra t io n , th e  NIC forms th e  d if f e r e n c e s  in  
b o th  th e  num erator and denom inator o f th e  v o lta g e  r a t i o ,  w hereas in  
th e  new c o n f ig u ra tio n  i t  forms th e  d if f e r e n c e  in  th e  denom inator o n ly . 
Y anagisaw a's c o n f ig u ra tio n  i s  th e n  expected  to  g iv e  more s e n s i t iv e  n e t -  
works to  th e  co n v ers io n  f a c to r  o f  th e  NIC than, th e  new c o n f ig u ra t io n .
For t r a n s f e r  fu n c tio n s  w ith  p o s i t iv e  num erator c o e f f ic ie n ts  
netw ork B becomes an o n e -p o rt and th en  th e  p ro cedu res o f  S ecs . 8 .1  and 
8 .2  become id e n t i c a l  to  th o se  o f S ecs. 6 .2  and 6.3*
Y anagisaw a's  p rocedure  i s  very  s im ila r  t o  th e  in v e rse -L  p rocedure  
o f  Sec. 6 .4 . The m e rits  and d em erits  o f  th e  R C -tree  o r R C-ladder 
v e rsu s  th e  in v e rse -L  procedure  s t i l l  app ly  (Sec. 7 .4 ) .
8 .4  REALISATION OF A TRANSFER FUNCTION 
The t r a n s f e r  fu n c tio n
N (s) s2 -  bs + c
i s  r e a l i s e d ,  f i r s t  u s in g  RC-tree. and th en  in v e rse -L  netw orks in  Yanagi' 
saw a’s c o n f ig u ra t io n .
A. R C -tree  r e a l i s a t i o n .
From S ecs . 7«^.H and 8.1 i f  d2(s)=0
T (s )
D (s) s 2 + bs + c
2s + c s 2 + (2Jc  + \  )s  + c
22 s + J c
-1 3 3 -
bs
= ----------------
^2 s + J c
/  = 22
(2 jo  -  b + % )s
A s )  =
>2 + (2 /c  + ^%)s + c
A s )  =
s + J c  
bs
(2/5- - b  + % ) $
K.
Network A i s  o b ta in ed  from Sec. B„5 (Appendix B) by p u t t in g  ”V = 2Jc  + ^
Network B i s  o b ta in ed  by removing a s e r ie s  r e s i s ta n c e  eq u al to  l / y ^ ^ 00)
R4  =■ l / ( 2ic - b +"%)
from 1/y® . Then y®' i s  
/ J 22 22
y22 = ~ b + ^ a/0 c
B /—■By d iv id in g  th e  num erator and denom inator o f  T (s )  by J c
b s / j c '
T^(s) = ------
(2Jc -  b + %. ) s / j c
Using th e  in v e rse -L  netw ork shown in  F ig . B ./p  (Appendix B ), netw ork B 
i s  sy n th e s is e d  as
% R
o— II-
4
AAA/v— o
where
R4  = 1/ ( 2J5 - b + %  ) C4  = b/jc
C5 = (2Jc - 2b + %)/jo
Note that when % = 2 (b - Jo) , -  0
-1 3 4 -
The R C -tree  r e a l i s a t i o n  o f T (s) i s  id e n t i c a l  to  F ig . 8.1 where
2 %  + %
Rl = 3 -------"T  —, 1  CH
2j~c +
R2 ~  ^  C2
2 J° + \  2J 5
% ( 2 j z r + ^>) 2
i 5 ( 2 F + ^ )  °3 ” 2 jc %
-r.
The p a ram ete r S  shou ld  be chosen sm all enough to  g iv e  low s e n s i ­
t i v i t y  b u t  n o t to o  sm all to  g iv e  s a t i s f a c to r y  sp read  i n  elem ent v a lu e s  
(S ec . 7 .1 .F)
B. In v e rse -L  r e a l i s a t i o n .
From Sec. 2 .2
„ a  , . 3  (b + 6  + c / ® )sY1 -  s + c / g  , Yf -  -
s + <5
A 2bS B
y2 = — -  . 4  = °
s  +
The r e a l i s a t i o n  i s  id e n t i c a l  to  F ig . 8 .2  where 
E-l = ® / c  0-1 = 1
R2 = 1/(b + & + c/« ) C2 = (b + + c/s’)/ <c>
R3 = 1/2b C3 = 2 b / &
The c o e f f ic ie n t  s e n s i t i v i t i e s  to  k a re  m inim ised as e x p la in ed
i n  Sec. 7 .3 .A. Then S =yc“. E xp ress in g  Vc/V i  as a  r a t i o  o f  po lyno­
m ia ls
v0 N ( s )  (s  + J~c) - (b + 2 jc ) s
V i  D ( s )  f s 2  +  2 ( / c  +  b ) s  +  o " )  -  J ) ( 2 /c  +  b ) s " j
-1 3 5 -
8 .5  DESIGN OF A DELAY NETWORK
A. R e a l is a t io n .
The two r e a l i s a t i o n s  in  Sec. 8 .4  were u sed  to  d e s ig n  d e lay  n e t ­
works (30msec. i n  th e  frequency  range  0 -1 5 c /s e c .) .  The approx im ation  
chosen  i s  ;
s2 -  10.453s + 84.443
T (s)  = - - -------------------------------  . . .  (8 .8 )
s + 10.453s + 84.443
and was d e r iv e d  by Tomlins o n ^ .
B. S e n s i t iv i ty  in v e s t ig a t io n .
The s e n s i t i v i t y  to  th e  a c t iv e  elem ent can be m inim ised as ex p la in ed  
i n  Sec. 8 .4  by m inim ising  th e  c o e f f ic ie n t  s e n s i t i v i t i e s .  The s e n s i t i ­
v i ty  was a ls o  in v e s t ig a te d  u s in g  th e  scheme i n  Sec. 3 .6  as e x p la in ed  
i n  Sec. 7 .6 .B.
R C -tree  r e a l i s a t i o n :  Graph 8.1 shows th a t  th e  p a ram eter ^  must be
chosen as sm a ll as p o s s ib le  to  keep th e  s e n s i t i v i t y  to  a c t iv e  and
p a s s iv e  elem ents sm a ll. From Sec. 8 .4 .A  as 2(b -  J c ) (=2*528),
—y  0 and hence Gma;x/ Gmi n ten d s  to  i n f i n i t y  (Graph 8 .2 ) .  When %
i s  e x a c tly  eq u a l to  2 .5 2 8 s 0^=0. Taking th e  n ex t s m a lle s t  c ap a c itan c e
to  be C -  th e n  C /C . =R /R . = 8 .25 . S m alle r v a lu es  o f ^  make CR min max min max: min D
n e g a tiv e . Hence th e  optimum va lue  o f 5^ i s  2 .5 2 8 . U sing t h i s  v a lu e  
fo r  %  th e  netw ork shown in  P ig . 8.1 r e s u l t s .  Graphs 8 .3 a  and 8.3b 
show s e n s i t i v i t y  cu rves fo r  t h i s  netw ork.
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* Graph 8.5a S e n s it iv ity  curves for RC-tree rea lisa tio n  o f T(s) .
Graph 8».3b S e n s it iv ity  curves fo r  RC-tree r e a l is a t io n  of T(s)
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MIn v e rse -L  r e a l i s a t i o n :  Graph 8*4 shows t h a t  Sp^ i s  minimum n ea r
=vj 84*443 = 9*1891, th e  va lue  p re d ic te d  when and S ^ a r e  m inim ised, 
u s in g  a Horowitz decom position  (Sec. 8*4). Graph 8.-5 shows th e  v a r i a t io n  
o f  th e  sp read  i n  elem ent v a lu es  w ith  (ET . I t  i s  minimum when a Horowitz 
decom position  i s  u sed . Using & =  9*1891 th e  network in  P ig . 8 .2  r e s u l t s .  
Graph 8 .6  shows s e n s i t i v i t y  curves f o r  t h i s  netw ork.
S e n s i t iv i ty  com parison: To compare th e  two r e a l i s a t io n s . ,  r m s - s e n s i t iv i ty  
and Maximum E rro r  cu rves (u sin g  p a ss iv e  and a c t iv e  e lem ents o f to le ra n c e  
a re  shown i n  Graphs 8 .7  and 8 .8 . The R C -tree  r e a l i s a t i o n  has 
r m s - s e n s i t iv i ty  and Maximum E r ro r  "between A and A th o se  o f th e  in v e rse -L  
r e a l i s a t i o n  a t  a l l  freq u e n c ie s  co n sid e red .
The R C -tree  r e a l i s a t i o n  was expected  to  g iv e  le s s  s e n s i t iv e  n e t ­
works "because "better decom positions o f  N (s) and D (s) a re  p o s s ib le .
These decom positions can  now be compared, u s in g  th e  optimum v a lu es  o f 
^  and . For th e  R C -tree  r e a l i s a t i o n
N (s) = (s^ + c ) -  bs . . .  (8 .9 )
D (s) = J~s  ^ + (2jc" + 2 .5 2 8 )s  + c j  -  j " ( 2 Jc  -  b + 2 .5 2 8 )s |
. . .  (8 .10)
and fo r  th e  in v e rse -L  r e a l i s a t i o n
N (s) = (s^  + 2 jc s  + c) -  (b + 2 jc ) s  . . .  (8 .1 1 )
D (s) = s^ + (2 jc  + 2b)s + c -  + b )s j . . .  (8 .1 2 )
y/here b=10 .453 and c=84-443»
Eqn. 8 . 9 'has a n e g a tiv e  p a r t  v«d.th a  s m a lle r  c o e f f ic ie n t  th a n
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t h a t  o f  Eqn. 8 .1 1 . S im ila r ly  th e  n e g a tiv e  p a r t  o f Eqn. 8.10 has a 
sm a lle r  c o e f f ic ie n t  th a n  th a t  o f  Eqn. 8 .1 2 .
Comparing Graph 8 .3 a  w ith  Graph 7»3a o r 7 .4 a , a ls o  Graph 8 .6  
w ith  Graph 7 .3  o r 7*7 shows th a t  Y anagisaw a’s c o n f ig u ra tio n  g iv e s  more 
s e n s i t iv e  netw orks to  th e  co n v ersio n  f a c to r  o f th e  NIC, th a n  th e  new 
c o n f ig u ra t io n .
C. E xperim en ta l r e s u l t s .
The netw orks in  P ig s . 8.1 and 8 .2  have "been c o n s tru c te d , u s in g  
components o f  to le ra n c e  -1 fo and th e  tw o -a m p lif ie r  INIC o f Chap. 5 
(R e s is ta n ce s  o f  th e  INIC had to le ra n c e  -0 .1 ;$ ).
Graph 8 .9  shows th e  am plitude resp o n ses  o f th e  two r e a l i s a t i o n s .
The e r r o r  in  th e  am plitude  v a r ie s  betw een +1 % and —2% i n  th e  R C -tree 
r e a l i s a t i o n  and betv^een +2fo and -3$>- in  th e  in v e rse -L  r e a l i s a t i o n .  T his 
e r r o r  i s  much sm a lle r  th a n  th e  Maximum E r ro r  p re d ic te d ,  -which i s  -7$  
f o r  th e  f i r s t  and -12$ fo r  th e  second r e a l i s a t i o n .  The sm a lle r  e r r o r  
i n  th e  R C -tree  r e a l i s a t i o n  i s  most p robab ly  due to  th e  low er s e n s i t i v i t y .
_Graph 8.10 shows th e  phase resp o n ses  fo r  th e  two r e a l i s a t i o n s .
As th e  e r r o r  i s  n e g l ig ib le  in  bo th  r e a l i s a t i o n s  i t  i s  p o s s ib le  th a t  
th e  phase an g le  i s  l e s s  s e n s i t iv e  to  e lem ent v a r ia t io n s  th an  th e  modu­
lu s  o f  th e  v o lta g e  r a t i o .
The t r a n s ie n t  re sp o n se  o f  T( s )  to  a s te p  fu n c tio n  i s  shown in  
P ig . 8 .3 a . E xperim en ta l t r a n s ie n t  re sp o n se s , f o r  th e  two r e a l i s a t i o n s  
a re  shown in  P ig s . 8 .3h  and 8 .3 c j th ey  seem a lsm ost id e n t i c a l  and
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agree w ith the th e o r e t ic a l one.
8 .6  CONCLUSIONS
The co n c lu s io n s  o f  Chap. 7 concern ing  in v e rse -L  v e rsu s  R C -tree  
o r R C -ladder netw orks a re  confirm ed.
The F ig u re -o f-M e r it  s e n s i t i v i t y  gave id e n t i c a l  r e s u l t s  to  th o se  
g iv e n  by th e  c o e f f ic ie n t  s e n s i t i v i t i e s .
The R C -tree  r e a l i s a t i o n  has r m s - s e n s i t iv i ty  and Maximum E rro r  
betw een 3  and 3  th o se  o f th e  in v e rse -L  r e a l i s a t i o n .  The form er r e a l i ­
s a t io n  u ses  8 e lem ents and th e  l a t t e r  6 ( th e  r e s p e c t iv e  numbers o f 
e lem ents u s in g  th e  new c o n f ig u ra tio n  a re  10 and 6 ) .
Nov/ 2 o p e ra t io n a l  a m p lif ie r s  p e r  s e c t io n  a re  needed and s e c t io n s  
can  be  cascaded  w ith o u t i s o la t in g  a m p lif ie r s ;  a  phase r e v e r s a l  i s  
in tro d u c e d  which may be u n d e s ira b le .  Using c o n f ig u ra tio n  o f  F ig . 6.1 
3 o p e ra tio n a l a m p lif ie r s  a re  needed f o r  th i s  ty p e  o f t r a n s f e r  fu n c tio n .
For th e  ty p e  o f t r a n s f e r  fu n c tio n s  rea lised ^ Y an ag isaw a’s c o n fig u ra ­
t io n  g iv e s  more s e n s i t iv e  netw orks to  th e  co n v ersio n  f a c to r  o f  th e  NIC, 
th a n  th e  new c o n f ig u ra tio n .
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9 . CONCLUSIONS
The F ig u re -o f-M e r it  s e n s i t i v i t y  can  he used  to  o b ta in  s e n s i t i v i t y -  
optimum netw orks vdien one p aram ete r can be chosen in d ep en d en tly . M ini­
m ising  e i th e r  th e  F ig u re -o f-M e r it  s e n s i t i v i t y  o r th e  c o e f f ic ie n t  s e n s i ­
t i v i t i e s  gave id e n t i c a l  r e s u l t s .  The method u s in g  th e  F ig u re -o f-M e r it  
s e n s i t i v i t y  i s  more d i f f i c u l t  b u t more f l e x ib le  th an  th a t  u s in g  th e  
c o e f f i c i e n t  s e n s i t i v i t i e s :  i t  can be a p p lie d  in  p rocedures' o f  S ecs. 2 .2  
and 6 .4  f o r  any seco n d -o rd e r t r a n s f e r  fu n c tio n , whereas th e  method 
u s in g  c o e f f ic ie n t  s e n s i t i v i t i e s  can be a p p lie d  fo r  a l l - p a s s  seco n d -o rd er 
t r a n s f e r  fu n c tio n s  on ly .
U sing decom positions whose n e g a tiv e  p a r t  has sm a lle r  c o e f f ic ie n ts  
r e a l i s a t i o n s  w ith  sm a lle r  r m s - s e n s i t iv i ty  and sm a lle r  Maximum E rro r  
r e s u l t .  For some netw orks t e s t e d ,  th e  m easured e r r o r  in  th e  am plitude 
re sp o n se  was much sm a lle r  th a n  th a t  p re d ic te d  by th e  Maximum E rro r  
c u rv e s .
A ll  th e  a c t iv e  elem ents can be s im u la ted  u s in g  any in f i n i t e - g a i n  
c o n tr o l le d  so u rc e . O p e ra tio n a l a m p lif ie r s  a re  p r a c t i c a l  i n f i n i t e - g a i n  
VCVSs and can be u sed , i n  th e o ry , to  s im u la te  a l l  th e  o th e r  a c t iv e  
e lem en ts .
' The NECs o f  Chap. 5 have s p e c i f ic a t io n s  s im i la r  to  th o se  met in  
analogue-com puter a p p lic a t io n s  j hence RC-NIC s y n th e s is  p ro cedu res can  be 
a p p lie d  th e r e .  The INICs have a common in p u t and o u tp u t te rm in a l 
e a r th e d  and can be u sed  i n  a l l  RC-NIC p ro c e d u res . The IRICs have one
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o f  t h e i r  p o r ts  s h o r t - c i r c u i t  s ta b le  and th e  o th e r  o p e n -c irc u it  s t a b l e .
Three s y n th e s is  p rocedu res can be used  w ith  th e  new c o n f ig u ra tio n . 
The in v e rse -L  p rocedure  i s  s im i la r  to  Y anagisaw a' s ; th e  R C -tree  and 
R C -ladder p ro cedu res can a ls o  be a p p lie d  to  Y anagisaw a's c o n f ig u ra t io n .
The R C -tree  and R C -ladder p rocedures o f Chap. 6 need only  one 
a c t iv e  elem ent p e r  s e c t io n  b u t a VCVS(-k^) i s  a ls o  used  fo r  t r a n s f e r  
fu n c tio n s  w ith  some n e g a tiv e  num erator c o e f f i c i e n t s ,  to  av o id  s u rp lu s  
f a c to r s .  The in v e rse -L  p rocedu re  needs two a c t iv e  e lem ents a lw ays.
Using th e  new c o n f ig u ra t io n , no i s o la t in g  a m p lif ie rs  betw een 
s e c t io n s  a re  needed] th ey  a re  i n  g e n e ra l n ecessa ry  u s in g  Y anagisa?/a 's 
o r L i n v i l l ’s c o n f ig u ra tio n .
For seco n d -o rd e r t r a n s f e r  fu n c tio n s  th e  R C -tree  and R C -ladder 
p ro ced u res  have same m e rits  and d e m erits . The R C -tree  o r R C -ladder 
p rocedu re  needs more p a s s iv e  elem ents th an  th e  in v e rse -L  p ro ced u re ; 
how ever, th e  r e s u l t in g  netw orks a re  expec ted  to  be le s s  s e n s i t iv e  to  
a c t iv e  elem ent v a r ia t io n s .
For a fo u r th -o rd e r  d e lay  fu n c tio n , th e  R C -tree  r e a l i s a t i o n  has 
r m s - s e n s i t iv i ty  and Maximum E rro r  which a re  approx im ate ly  h a l f  o f  th o se  
o f  th e  in v e rse -L  r e a l i s a t i o n .
R M S -sen s itiv ity  and Maximum E r ro r  curves a ls o  show th a t  s e c tio n s  
whose p o le s  a re  n e a re r  to  th e  im aginary  a x is  o f  th e  s p lan e  a re  more 
s e n s i t iv e  to  elem ent v a r ia t io n s ,  as would be ex p ec ted .
U sing Horow itz decom positions in  p ro cedu res o f S ecs . 2 .2  and 0 .4
a ls o  g iv e s  minimum sp read  i n  elem ent v a lu e s .
For ex p erim en ta l d e lay  netw orks, th e  in v e rse -L  r e a l i s a t i o n s  had 
l a r g e r  am plitude  e r r o r  th a n  th e  R C -tree ones; t h i s  i s  most p ro b ab ly  
due to  th e  h ig h e r  s e n s i t i v i t y .  The e r r o r  in  th e  phase resp o n ses  was 
r e l a t i v e l y  sm a lle r  th an  th a t  in  th e  am plitude re sp o n se s ; th e  phase i s  
perhaps th e  l e s s  s e n s i t iv e  to  elem ent v a r ia t io n s .
Using th e  INICs o f Chap. 5 in  Y anagisaw a's c o n f ig u ra tio n  no i s o l a ­
t in g  a m p lif ie r s  a re  needed. Then on ly  2 o p e ra tio n a l a m p lif ie r s  p e r  
s e c t io n  a re  used  b u t a  phase r e v e r s a l  in  th e  v o lta g e  r a t i o  i s  in tro d u c e d . 
U sing th e  nev/ c o n f ig u ra t io n  o f  Chap. 6, 3 o p e ra tio n a l a m p lif ie r s  a re  
u sed  fo r  t r a n s f e r  fu n c tio n s  w ith  some n e g a tiv e  num erator c o e f f ic ie n t s  
and 2 when a l l  th e  c o e f f ic ie n ts  a re  p o s i t iv e .  Y anagisaw a's c o n fig u ra ­
t i o n  g iv e s  more s e n s i t iv e  netw orks to  th e  co n v ersio n  f a c to r  o f th e  NIC 
th a n  th e  new c o n f ig u ra tio n .
The fo llo w in g  work seems w orth p e rsu in g  in  f u tu r e :
0 )  Use r m s - s e n s i t iv i ty  and Maximum E rro r  cu rves to  compare RC-NIC 
w ith  o th e r  p ro ced u res .
(2) Use F . M. s e n s i t i v i t y  to  o p tim ise  o th e r  p ro c e d u res .
(3) Use F . M. s e n s i t i v i t y  to  f in d  how s e n s i t i v i t y  v a r ie s  w ith  
th e  Q -fa c t o r .
(4 ) Apply p ro ced u res  o f  Chap. 6 to  th e  d e s ig n  o f f i l t e r s .
(5) I n v e s t ig a te  th e  p o s s i b i l i t y  o f  u s in g  fo u r th -o rd e r  s e c t io n s  
in s te a d  o f  seco n d -o rd e r ones to  save a c t iv e  e lem en ts . The
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in v e rse -L  p rocedu re  may g iv e  very  s e n s i t iv e  netw orks. The 
R C -tree  p rocedure  i s  expected  to  g iv e  le s s  s e n s i t iv e  netw orks 
th a n  th e  in v e rse -L  one b u t needs a la rg e  number o f  p a ss iv e  
e lem en ts . The R C -ladder p rocedure  w i l l  g iv e  as s e n s i t iv e  n e t­
works as th e  R C -tree  p rocedure  b u t w i l l  no t need so  many p a s ­
s iv e  e lem en ts; i t  may however, become v ery  complex. The l a s t  
p rocedu re  seems p rom ising .
(6) I n v e s t ig a te  th e  s e n s i t i v i t y  o f  th e  phase an g le  in s te a d  o f  th e  
modulus o f  th e  v o lta g e  r a t i o .
(7) M ic ro m in ia tu r is a tio n  imposes s p e c ia l  problem s such a s :
(a ) to le ra n c e  o f  elem ents cannot be c o n tro l le d  c lo s e ly .
(b) th e  elem ents o f  a  f in is h e d  c i r c u i t  cannot be a d ju s te d .
(c ) c a p a c ito rs  have v e ry  low in s u la t io n  r e s i s ta n c e .
(d) r e s i s ta n c e  and cap a c itan c e  ranges a re  l im ite d .
P rocedu res shou ld  be in v e s t ig a te d  to  choose th e  most s u i ta b le  
ones fo r  th e se  a p p l ic a t io n s .
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APPENDIX A
SOME THEOREMS ON RC PASSIVE SYNTHESIS5 7“61
A.1 SYNTHESIS OP DRIVING-POINT IMffTTANCE FUNCTIONS
Theorem 1: The p o le s  and zeros o f  a  d r iv in g -p o in t  adm ittance  (im pedance)
a re  sim ple  and a l t e r n a t e  on th e  n e g a tiv e  r e a l  a x is  o f  th e  s p la n e ; th e  
n e a re s t  c r i t i c a l  p o in t to  th e  o r ig in  i s  a  ze ro  (p o le ) and th a t  n e a re s t  
t o  i n f i n i t y  i s  a p o le  (z e ro ) .
Theorem 2: F u n c tio n s  s a t i s f y in g  Theorem 1 can he r e a l i s e d  u s in g  F o s te r ’s
o r C auert canon ic  forms (R ef. 59)•
A .2 SYNTHESIS OF TRANSFER FUNCTIONS USING- LADDER NETWORKS
Theorem 3» The zero s  o f  y ^  (or z  ^2 ) fo r  a  la d d e r  network a re  on th e
n e g a tiv e  r e a l  a x is .
Theorem 4° The zero s  o f  y ^  (o r  z ^ )  o f  an arrangem ent o f la d d e r  n e t­
works cascaded  w ith  b r id g e  s e c tio n s  (Twin-T o r b rid g ed -T ) can be a t  
any p o in t  in  th e  l e f t  h a l f  s p lan e  o r th e  im aginary  a x is  (R ef. 54)* 
Theorem 5: A ll  RC netw orks (a ls o  Twin-T o r b ridged -T  s e c tio n s )  have
a rg  s Tf/  / n  (excep t fo rY^2 ' ( o t  Z12^ zero s  o u ts id e  th e  re g io n
any zero s  a t  s=0 or oo ) J n i s  th e  o rd e r o f  th e  num erator polynom ial 
o f  y l2  (o r  z12) (R ef. 61, p . 214).
Theorem 6: The adm ittan ces  y1 >| and y 22 (o r impedances and z22)
o f an RC netw ork a re  d r iv in g -p o in t  fu n c tio n s  and hence have zero s  and 
p o le s  s a t i s f y in g  Theorem 1 (R ef. 59)»
Theorem 7° In  a la d d e r  netv/ork a l l  th e  p o le s  o f  y^ 2 (o r  z^ ^) a re
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p o le s  o f  y ^  and y ^  ( z ^  and Zg2 ) .  The P ° le s o f  y ^  and ( z ^  or 
z 22) may no t be th e  p o le s  o f  y^ 2 ( or zi2^  57 , p . 140).
Theorem 8: A fu n c tio n  which can be ex p ressed  as a r a t i o  o f a t r a n s f e r
to  a d r iv in g -p o in t  adm ittance  fu n c tio n  s a t i s f y in g  Theorems 3*"7 can  be 
r e a l i s e d  to  w ith in  a c o n s ta n t m u l t ip l ie r ,  u s in g  la d d e r  nety/orks or 
u s in g  an arrangem ent o f la d d e r  netw orks cascaded  w ith  b r id g e  s e c tio n s  
( th e  maximum v a lu e  o f  th e  c o n s ta n t m u l t ip l ie r  cannot be c o n tro l le d )  
(R ef. 5 4 ) .
A .3 STNTHESIS OF TRANSFER FUNCTIOMS OSING RC-TREE NETWORKS
Theorem 9 : A ll  th e  p o le s  o f  th e  v o lta g e  r a t i o  o f  an RC tw o -p o rt
n
I2
vi
X  a is * " 1 
-y1? i=0
= T (s) = ---------------   . . .  (A .1)
I2=0 ' ii22 y  b - s 11- 1
i=0
a re  d i s t i n c t ,  on th e  n e g a tiv e  r e a l  a x is ,  and no t a t  s=0 or s= (R ef.
5 7 , p . 143).
Theorem 10: For an unbalanced  RC tv ro-port l e t
JLX . aiS1'1
i=0
"^  = Q(S) -  (A'2) 
E na1'1
i=0
y = ---------------------- . . .  (A. 3)
22 Q(s)
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n
v “  „ n - i
2— ci s 
i=0
y  ------- — -----  . . .  (A .4)
11 Q(s)
The F ialkow  and G-erst c o n d itio n  i s
0 X< ai  ^  min ( 4 , c ^ )  . . .  (A.5)
(Note: Common f a c to r s  in  th e  num erator and denom inator o f  e x p re ss io n
A .2 must n o t he  c a n c e lle d  ou t o th e rw ise  c o n d itio n  A.5 may n o t he s a t i s f i e d )
(R ef. 57 , p . 146).
Theorem 11 : The v o lta g e  r a t i o  o f an RC tw o -p o rt g iv en  by Eqn. A.1 can­
n o t have ze ro s  in  th e  re g io n
a rg  s <  " / n  . . .  (A .6)
Except f o r  any zero s  a t  s=0 or 00 (Theorem 4 ) .
Theorem 12: A fu n c tio n  s a t i s f y in g  Theorems 9“11 can  be r e a l i s e d  as an 
R C -tree  netw ork, u s in g  F ialkow  and G -erst’s p ro ced u re , i f  th e  num erator 
i s  o f  degree n or n-1 and th e  denom inator o f  degree  n (Appendix B,
S ec. B. 3)»
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APPENDIX B
AN EXPOSITION OP FIALKOW AND G-ERST *S PROCEDURE
T his appendix  p re s e n ts  F ialkow  and G-erst*s s y n th e s is  p ro ced u re-^
i n  a  s l i g h t l y  m od ified  form. I t  i s  shown th a t  a p a r t i c u l a r  c la s s  o f
t r a n s f e r  fu n c tio n s  cannot he r e a l i s e d  by t h i s  p ro ced u re . A form ula
i s  d e r iv e d  which g iv e s  th e  t o t a l  number o f  e lem ents needed. Ways a re
in v e s t ig a te d  how to  reduce th e  number o f e lem en ts . A netw ork needed in
Chaps. 7 and 8 i s  sy n th e s is e d .
B .t  FIALKOW AND G-ERST*S SYNTHESIS PROCEDURE
C onsider a g e n e ra l t r a n s f e r  fu n c tio n
N (s) ^ r~  a jS n“^
T (s) = -------  = — --------------------------------  . . .  (B. 1)
d ( s )  J L .X. b^ -1
i - 0
which s a t i s f i e s  Theorems 9“1 1 (Appendix A ). F ialkow  and G-erst c a l le d
such fu n c tio n s  R -fu n c tio n s .
L et
D (s) = sclj ( s )  + d2 (s )  . . .  (B .2)
w here cdj(s) and d2 (s )  have n-1 d i s t i n c t  n e g a tiv e  r e a l  z e ro s .
Then
n-1. n-1 . .
d ^ s )  = K{f~Y  (s + <X.) = £  e . s 11* ~1- . . .  (B .3)
1=1 i=0
d2 (s )  =■ K gTT (s  + / ^ ±) = X  fjS*1" 1”1 . . .  (B .4)
i=1 i=0
S im ila r ly  l e t
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N (s) = sixj (s )  + n2 (s )  . . .  (B .5 )
where .
nl ( s ) = X I  Cj^ s11' 1' 1 . . .  (B .6)
i =0
n-1
n2 ( s ) = di sn "1' i  . . .  (B .7)
i=0
such  th a t
° i  /*/. 9, and- • • •  (B*8)
The c o e f f ic ie n ts  o f  n | ( s )  and n2 (s )  a re  chosen so  t h a t
°' c i  s<C e i  and 0 \< f%  ^  • • •  (B .9)
A polynom ial
n-1
Q(s) = T T  (s + • • •  (B .10)
i=1.
i s  chosen where
0 < °C, < 6", < (X,2 < C 2>.. . ,  <c*n ... (B.l-ta)
® S ^  ^  1  ^ 2  *** (B.1 "lb)
By d iv id in g  th e  num erator and th e  denom inator o f  th e  r ig h t-h a n d
s id e  o f Eqn. B.1 by Q (s), from Eqns. B.1., B.2 and B.5 we o b ta in
Isn-j. (s ) /Q (s)J  + fn2 ( s ) /Q ( s ) |
T (s )  = — ------------- -------^ . . .  (B .12)
K ( s ) /Q (s)j  + ^ ( s V qCs JJ
C onsider a  tw o -p o rt made up o f two p a r a l l e l  netw orks as shown 
i n  P ig . B .1 . This c i r c u i t  has v o lta g e  r a t i o
—  = — 1 2 ---------- ^  . . .  (B .',3 )
y .  yA + yB
i  ^22 *22
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RC-A
RC-B
F ig . B.1 Two p a r a l l e l  netw orks.
By eq u a tin g  th e  r ig h t-h a n d  s id e  o f Eqn. B .1 2 to  th e  
s id e  o f  Eqn. B .13 th e  fo llo w in g  assignm ents can be made: 
- y | 2 = sixj (s ) /Q (s )  
y f 2  = sd1 (s ) /Q (s )
= n2 ( s ) /0 ( s )
y22 = d2^S 
Then netw ork A has
A s )
n-1
V
i=0
H  c i s
n-1 - i
n>, (s )
d l ( s ) y ~  n- l - i .e - s l x
i=0
r ig h t-h a n d
. . .  (B.14) 
. . .  (B .15) 
. . .  (B. 16) 
. . .  (B .17)
. . .  (B.18)
S im ila r ly  netw ork B has
Eqns. B.1 8 and B .1 9 show th a t  th e  problem  o f r e a l i s i n g  an n th  
o rd e r  t r a n s f e r  fu n c tio n  i s  reduced  to  r e a l i s i n g  two t r a n s f e r  fu n c tio n s  
o f  o rd e r  n -1 . To com plete a  c y c le  th e  d r iv in g -p o in t  adm ittan ces  y f^  
an(3- y 22 (Eqns. B.15 and B.1 7) must be reduced  in  o rd e r to o . The p o le s  
° f  now &aven by Q (s), must be reduced  by one. Then th e  r e s u l t in g
y^2 w i l l  have n-2  p o le s  g iv en  by q ^ (s )  say . S im ila r ly  th e  p o le s  o f  
y ^ 2 must be reduced  by one. Then th e  r e s u l t in g  y22 w i l l  have n-2  
p o le s  g iv en  by q2 (s )  say- If* t h i s  can be done, q  ^ (s )  and q2 (s )  a re  
o f  th e  r i g h t  o rd e r r e l a t i v e  to  th e  t r a n s f e r  fu n c tio n s  g iv en  by Eqns.
B.1 8 and B.19* Then th e  cy c le  can be re p e a te d  on each o f th e  two 
p a r a l l e l  netw orks, u n t i l  f i r s t - o r d e r  t r a n s f e r  fu n c tio n s  r e s u l t .
The o rd e r o f  y^ and y^ can be reduced  by removing s e r ie s  imped­
ances from netw orks A and B; t h i s  has no e f f e c t  on th e  o p e n -c irc u i t  
t r a n s f e r  fu n c tio n .
To red u ce  th e  number o f  p o le s  o f  y^2 and hence i t s  o rd e r , a  s e r ie s  
c a p a c ita n c e  C=y^2 ( o ) / s  must be removed as shown in  P ig . B .2 .
S in ce
-1 6 0 -
RC-A 22 22
F ig . B .2  Removal o f a  s e r ie s  c ap a c itan c e  from netw ork A.
and
1
C
22
Q ( s )  
s=0 cLj (s ) s=0
Q(0)
i , ( 0 )
we have
yA1 _ __
22 1
d1 (s )
Q ( s )  -
Q(0)d1 (s )
dt (0)
d1 (s )
O j  ( s )
. . .  (B .22)
I t  can "be shown th a t  polynom ial cpj (s )  i s  o f degree  n-2 as re q u ire d .
To red u ce  th e  number o f  p o le s  o f  y® and hence i t s  o rd e r a s e r ie s
22
r e s i s ta n c e  R—' mus t  be removed as shown in  F ig . B .3 .
\AAA
RC-B
F ig . B .3 Removal o f  a s e r ie s  r e s is ta n c e  R from network B.
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S ince
and
we have
E = Q (oa)/d2 (co) . . .  (B .23)
Vyf2 = R + i/y^2 ••• (B-2^ )
r
22
d2 (s )  d2 ( s )
Q(ob)d? (s)
Q(s) -
q.2(s)
. . .  (B.25)
d.2 (<*>)
I t  can be shovm th a t  qgCs) -^s <3-egr e e n“2 as r e q u ire d .
At t h i s  p o in t  th e  c y c le  i s  f in i s h e d .  The same p rocedure  i s  
re p e a te d  on th e  r e s u l t in g  sub -n e tw o rk s . Note t h a t  th e  polynom ials 
q ^ (s )  and q2 (s )  may n o t be monic in  c o n tr a s t  to  Q(s) (Eqn. B .1 0 ). 
F in a l ly  f i r s t - o r d e r  t r a n s f e r  fu n c tio n s  r e s u l t ,  which a re  r e a l i s e d  u s in g  
in v e rse -L  netw orks. The f i n a l  polynom ials q ^ (s )  and q2 ( s ) ,  have 
degree one le s s  th an  th e  num erator o r denom inator o f  th e  t r a n s f e r  
fu n c tio n , and so  become c o n s ta n ts .  A f te r  d iv id in g  th e  num erator and 
denom inator o f  th e  f i r s t - o r d e r  t r a n s f e r  fu n c tio n s  by th e  r e s p e c t iv e  
c o n s ta n ts ,  t r a n s f e r  fu n c tio n s  o f th e  form 
a ^ s  +
T (s) = -------------  . . .  (B .26)
bgS + b,j
r e s u l t .  • These netv/orks have d r iv in g -p o in t  ad m ittance  o f th e  form
y b s + b^ . . .  (B .27)22 0
A netw ork having  a t r a n s f e r  fu n c tio n  g iv en  by Eqn. B.26
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and a d r iv in g -p o in t  adm ittance  fu n c tio n  g iv en  "by Eqn. B .27 i s  th e
in v e rse -L  o f P ig . B .4
O-
1/JL, 
A/VAA— ,
II-
V(t>i -a-i)
f -o
(b0- a 0)
<■
y22
P ig . B.A An in v e rse -L  netw ork hav ing  T (s) g iv en  by Eqn. B.26 
and y^p g iv en  by Eqn. B.2 7*
B .2 DECOMPOSITIONS
The decom positions g iv en  by Eqns. B.2 and B.5 must he perform ed 
so  as to  s a t i s f y  Eqns. B .9 a B .11a and B .11b. I t  i s  conven ien t to  
perform  decom position  B .2 f i r s t 9  s a t i s f y in g  Eqns. B .11a and B .11b; th e n  
decom position  B.5 can be perform ed to  s a t i s f y  Eqn. B.9*
A. Denom inator decom position .
A p o le -z e ro  diagram  s a t i s f y in g  Eqns. B .11a and B .11b i s  shown in  
P ig . B.J^I T his diagram  shows t h a t  some f l e x i b i l i t y  e x is t s  in  th e
ze ro  o f  D (s)
I <2r‘
~aiOr——Q-
zero  p f D (s) z e ro  o f  D (s)
oq & p.* 1 & pp<_ & ^ 3  c?
F ig . B.5 A p o le -z e ro  diagram  s a t i s f y in g  Eqns. B .11a and B.11b,
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ch o ice  o f  th e  denom inator decom position  s in c e  fo r  in s ta n c e
and ^  can have any v a lu e  le s s  th a n  p ro v id ed  th a t  a  ze ro  o f L (s )
l i e s  betw een them.
C onsider a seco n d -o rd e r polynom ial
D (s) = s^ + V s + c . . .  (B .28)
A g e n e ra l  decom position  s a t i s f y in g  Eqn. B .2 i s
D (s) = scLj (s )  + d g ^ )  = sjjs + ( V -  ^  )J + S + C J # * * (B*29)
where i s  a p o s i t iv e  c o n s ta n t.
The po lynom ial Q (s) has one ze ro
Q (s) = s + •••  (B .30)
To s a t i s f y  Eqns. B .11a and B.11b
c/ *7^ K &  <( ( ^  • • •  (B .3 0
A method fo r  o b ta in in g  denom inator decom positions fo r  h ig h e r  
o rd e r polynom ials was g iv en  by Fialkow  and G-erst (R ef. 53) •
B .N um erator decom position .
S ince  Eqn. B.1 i s  an  R -fu n c tio n
b_^  • • • (B .32)
Then from E qns. B. 1 -B . 7
ci  + di - i  \ <  e i  + f i - i  •** (B*33)
Hence Eqn. B .9 can always be s a t i s f i e d .
B .3 A CLASS OF TRANSFER FUNCTIONS WHICH SATISFIES THEOREMS 9-11
BUT CANNOT BE REALISED USING- THE ABOVE PROCEDURE 
Fialkow  and G-erst*s p rocedure  c o n s is ts  o f  s p l i t t i n g  th e  t r a n s f e r
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fu n c tio n  in to  two s u b - t r a n s f e r  fu n c tio n s  having num erators and deno- 
m enators whose o rd e r i s  one le s s  th a n  th a t  o f  th e  o r ig in a l  t r a n s f e r  
fu n c tio n . The method i s  s u c c e s s fu l because in v e rse -L  netw orks can 
be u sed  to  r e a l i s e  th e  f i n a l  s e t  o f f i r s t - o r d e r  t r a n s f e r  fu n c tio n s . 
When th e  o rd e r o f  th e  num erator i s  n-2  o r le s s  and th a t  o f  th e  deno­
m in a to r i s  n 5 th e  p rocedure  may be a p p lie d  u n t i l  th e  num erators o f 
th e  f i n a l  s u b - t r a n s f e r  fu n c tio n s  a re  c o n s ta n t. Then th e  o rd e r o f th e  
denom inator w i l l  be eq u al to  o r g r e a te r  th a n  two. These fu n c tio n s  
w i l l  have th e  form
Ha
T (s) = ------------------------------  . . .  (B .34)
(s  + ^  1 ) ( s  + K 2 )
The s h o r t - c i r c u i t  adm ittance  a s s o c ia te d  w ith  th e  same netw ork i s  
(s + ^ 1 )(s + ^ 2)
y2 2  ---------------- r rs + 6
. . .  (B .35)
1
In  t h i s  case  in v e rse -L  netw orks cannot be u sed  to  com plete th e  
r e a l i s a t i o n .  A lso la d d e r  netw orks cannot be u sed  s in c e  th ey  only  
r e a l i s e  a  t r a n s f e r  fu n c tio n  to  w ith in  a c o n s ta n t m u l t ip l ie r  (Theorem 8, 
Appendix A ).
B .4  REDUCTION IN NUMBER OF ELEMENTS
The number o f  e lem ents needed by a F ialkow  and G e rs t r e a l i s a t i o n  
may sometimes be red u ced . In  th e  f i r s t  cy c le  o f  th e  r e a l i s a t i o n  th e  
netw ork i s  b roken  in to  two p a r a l l e l  sub-netw orks and a s e r ie s  elem ent 
i s  removed from each . T his i s  re p e a te d  on th e  two sub-netw orks u n t i l
-1 65-
f i r s t - o r d e r  t r a n s f e r  fu n c tio n s  r e s u l t .
A flow  graph f o r  th e  r e a l i s a t i o n  i s  shown in  P ig . B.&; Each 
d o t r e p re s e n ts  a t r a n s f e r  fu n c tio n  and th e  number n ex t to  th e  d o t 
g iv e s  th e  o rd e r o f  th e  t r a n s f e r  fu n c tio n . Each h ranch  re p re s e n ts  a 
rem oval o f  one s e r ie s  e lem ent.
n-1n-1
n-2n-2n-2
n-3n-3n-3n-3 A A
F ig . B .6 Flow graph  fo r  a F ialkow  and G-erst r e a l i s a t i o n .
T his g raph  has
Number o f  b ranches = 2n -  2 . . .  (B .36)
T his number o f  e lem ents a re  removed b e fo re  f i r s t - o r d e r  t r a n s f e r  fu n c tio n s
n—1r e s u l t .  The number o f f i r s t - o r d e r  t r a n s f e r  fu n c tio n s  i s  2 and 
each  may be r e a l i s e d  u s in g  2, 3 o r 4  e lem en ts , u s in g  F ig . B.4« For 
t h i s  c i r c u i t  th e  number o f  e lem ents may be reduced  by one o r two in  
s u i t a b le  c a se s : aQ=0, a-j=b^, a>j=0, b^=0, aQ=bQ, bQ=0. The f l e x i b i l i t y  
im p lie d  in  Eqns. B.31 and B.33 i s  u s e f u l  h e re .
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The t o t a l  number o f elem ents needed by Fialkow  and G-erst fs p ro ce ­
du re  i s
Number o f  Elem ents = 2L2 + 3 ^  + + 2n -  2 . . .  (B .37)
where L2 , and a re  th e  number o f  tw o-elem ent 9  th re e -e lem e n t
-■j
and fo u r-e lem en t in v e rse -L  ne tw orks; L^= 2
B.5 SYNTHESIS OF A NETWORK NEEDED IN CHAPS. 7 AND 8 
To r e a l i s e
s^  + c
T (s)  --------------------  u s in g  Q(s) = s + \fc
+ V s + c
Y/here "V and c are positive constants.
From Eqns. B .2 and B .29
4 , ( 3 ) = s + ( v> -  > 0  and d2 (s  ) = X (s + c / ) J  
From Eqns. B.5
rtj ( s )  = s and ^ ( s )  = c
(The ch o ice  o f Q(s) g iv en  by Eqn. B.IO i s  f ix e d  as above by th e  a c t iv e  
p ro c e d u re .)
Eqns. B.1 8 & B .15 and B .19 & B .17 g iv e
s sfs + ( V - X)]
T * ( s )  = -------------------------  ,------------------------------------------------
s + ( N  -  X )  s + j c ~
■D c V ( s  + c /  > J
^ s ) = ^  T V  * 4 = ------------ ^ r -X  (s  + c / > 0  s + x /V
Choice o f  X.
From Eqn. B.31
c / ^ < v/ r <  ( v  -  a ) o r  y r  < A  < ( x - y s )
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The p o le -z e ro  diagram s o f  y^ and y^ a re
“N ~ A 
— O —
y  c
- A — 9  y f 2
nT 5
- A —
A
- o
22
As ty/c th e  ze ro  o f y ^  ten d s  to  co in c id e  w ith  th e  p o le  o f y ^ *
As ^  ( A) -  y/c)  a z e ro  o f ten d s  to  co in c id e  w ith  th e  p o le  o f
y^ 2 * Hence when X has v a lu es  n ea r i t s  l im i t s  th e  p o le -z e ro  d i s t r i ­
b u t io n  o f  yi| 2 o r y®^ becomes lo p s id e d . The e f f e c t  o f  th i s  i s  to  g iv e  
netw orks w ith  a la rg e  sp read  in  elem ent v a lu e s . For b e s t  evenness 
o f  p o le -z e ro  d i s t r ib u t io n s  and hence minimum sp read  in  elem ent v a lu es  
X  i s  chosen  to  be in  th e  c e n tre  o f  i t s  ran g e :
X  =  i  X
Remove s e r i e s  c a p a c ita n c e  from y^ eq u al to  y^  (o)/s
Ca =
s + 2 V
s + sfc 
From Eqn. B.22 we have
s=0
= X / 2 j c
22
s +
CV-2 V
and q  ^ (s )  = (AJ -  2(/c ) /h )
Remove s e r i e s  r e s i s ta n c e  from y® eq u al to  1/y^X(oO)
22 22
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s +
* a  =
'X (s + c /  > •)
From Eqn. B.25
5= CO
= 2 / A)
i  X  (s + 2 c / y  )
y? =• — -----------------   — ana n (s )  = J c  (1 -  2 J~ c/ "V )
22 / 5 ( 1  -  2 J c / S ,  ) 2 J
D iv id in g  th e  num erator and denom inator o f x ( s )  by q* ( s ) g iv es
T ^ s )  =
( V  -  2 J o ) /  V
*  V
( ^  -  2 j~ c)/'V  ( y ~ 2 j c ) / y
The in v e rse -L  netw ork r e a l i s i n g  x (s )  i s
 °b
Q
| * c
v/here = A) / ( A) -  2 J  c) and Rc = 2(A) ~ 2 J ^ O /a )2 
D iv id in g  th e  num erator and denom inator o f  T®(s) by q2 (s )  g iv es
TB ( s )  =
j-c( 1 - 2fo/N)
J c (  1 -  2 J“o/ a; )  sTc O -  2 J ”c/ a))
The in v e rse -L  netw ork r e a l i s i n g  T®(s) i s
-1 6 9 -
VG \AAA- -O
where = (~^) “ 2 ^ /e ) /“VJc and Cc = / 2 j c ( ^  -  2Jc)
Hence th e  com plete netw ork i s :
°b
II— — n _
O >
R,
Rh
A W -
Ra
AAA/r
-o
-no-
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Other properties o f n.i.c.s are given by 
Larky.10 To simulate a v.n.i.c., the circuit 
shown in Fig. 1 can be used. The ampli­
fiers and A 2 are voltage-controlled 
voltage amplifiers which have infinite
2R
A 2
; Fig .  1 V.N.I.C. circuit
N E G A T I V E - !  WIPED A  MCE 
C O N V E R T O R S  U S I N G  
O P E R A T I O N A L  A M P L I F I E R S
Two negative-impedance convertors using 
operational  amplifiers are described. One 
o f  them is o f  the voltage-inversion type, 
and  the o ther  is o f  the current-inversion 
type.
Active RC  network synthesis is m ost ad­
vantageous a t low frequencies, such as in 
analogue-computer applications. In  the 
past, several m ethods of synthesis1-9 have 
been described. These methods can be 
divided into two groups—active-element 
methods using ideal voltage amplifiers1-5 
and methods using negative-impedance 
convertors.6-9 M ethods belonging to the 
first group can be used directly in ana­
logue-computer applications, but methods 
belonging to the second group can be used 
if a' suitable negative-impedance con­
vertor is simulated, using operational 
amplifiers. In  this letter two negative- 
impedance convertors are described. One 
of them  is of the voltage-inversion type 
(v.n.i.c.), and the other is of the current- 
inversion type (i.n.i.c.).
The ^param eters for an ideal v.n.i.c. 
are given by
0 —1
[*] =
-1 O'j
and those for an i.n.i.c. by 
TO 1
[*] =
. . . .  (1)
• (2)
o 2
-o  2
• input impedance, very high negative gain 
; and low output resistance. The param eters 
i o f this circuit are given by
8 12
<§"21 :
£-22 —
4 7  1
R \G i
-  1 +
1 \
+ a j
2r 02
r g 2
6 4
<?i + g2
2 tq
Ga
(3)
(4)
(5)
(6)
i. where
—Gx =  voltage gain of amplifier A x 
—G2 — voltage gain o f amplifier A 2 
r 02 =  output resistance of amplifier A 2
The assumption that the output resist­
ance of amplifiers A x and A 2 is very 
much smaller than R is m ade in the deri­
vation of the above equations. As Gx 
and G2 tend to infinity, eqns. 3-6 approxi­
m ate to eqn. 1. A serious disadvantage of 
this circuit is that neither o f the output 
terminals is a t earth potential.
Fig. 2 shows an i.n.i.c. The amplifiers 
A x, A 2 and A 3 are voltage-controlled 
voltage amplifiers which have infinite
Fig.  2 I.N .I.C . circuit
.D otted  line show s an alternative connection which  
eliminates A
input impedance, very high negative gain 
and  low output resistance. F o r this circuit, 
when Rx — R-z,
(R + RiY
1 0 8  n R xR2G2 (7)
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(2/-o2 + R J  (R + R J
RxRG2
gzi , _ R i + RRGZ
2/'o2 + Ri
(8)
(9)
( 10)
where
— G2 — voltage gain of amplifier A 2
r 02 =  output resistance of amplifier A 2
The assumption that the output resist­
ance of amplifiers A x, A 2 and A 3 is very 
much smaller than R  is m ade in the 
derivation of the above equations. As the 
voltage gains of the three amplifiers 
A x, A 2 and A 3 assume a negative infinite 
value, eqns. 7-10 approxim ate to eqn. 2. 
The accuracy of this circuit increases with 
decreasing values of RJR, until R x 
becomes com parable with r02. Since one 
of the input terminals and one of the 
ou tput term inals are at earth  potential, 
this n.i.c. can be used in conjunction with 
the systems given in References 6-9 for 
the realisation o f transfer functions.
The num ber of the operational ampli­
fiers used in the i.n.i.c. can be reduced 
from  three to  two by disconnecting BC 
and connecting A to  C, as shown in 
Fig. 2. The ^param eters for the resulting 
circuit are
£ T i  —
(2R + R J  (R +  Rx) (ID
1 -
£*21 ■ 1
RxR2Gz
(2r02 +  Rj) (2R +  R x) 
R xRG2
2 (Ri +  R)
RG2
g  22
2(2r02 + R i)
• • ( 12)
. • (13)
• . (14)
practice, the error in the ^param eters o f 
the two-amplifier i.n.i.c. is still very small 
for practical applications.
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On com paring eqns. 7-10 with eqns. 11- 
14, it is seen that the error in the para­
meters for the two-amplifier i.n.i.c. is 
approxim ately twice the error in the 
^param eters for the three-amplifier i.n.i.c.
The circuit in Fig. 1 is in effect a  voltage- 
controlled voltage source o f gain equal 
to  2, which is the well known idealisa­
tion3*10 to  a v.n.i.c. The i.n.i.c. o f Fig. 2 
is, to the au thor’s knowledge, novel.
These circuits have been set up  on an 
analogue com puter and found to  be 
short-circuit-stable a t po rt 11 and open- 
circuit-stable a t port 22.
Conclusions
The v.n.i.c. has neither o f its output 
.. terminals a t earth  potential, and so it can 
only be used for the realisation of driving- 
point functions. The i.n.i.c. has one of its 
input terminals and one of its output 
terminals at earth  potential, and so it can 
be used for the realisation of driving- 
point functions and transfer functions. 
Since the error in the ^-parameters for the 
three-amplifier i.n.i.c. is very small in
ELECTRONICS LETTERS June 1965 Vol. 1 No. 4
T O
r~ v ~ s  t  t  tv—<, , ,  ^ P T 1 I T A P  A-/ *L~J x jl A_/ A Vi  i  £ 1 X 0  1  \J  • I  H J C
(We do /!<?/ /;oW ourselves responsible for the opinions of our correspondents)
A Direct Coupled N.I.C.
D e a r  S ir ,—I would like to refer to 
your April edition, in particular to a 
letter by D. P. Franklin describing a 
directly coupled negative impedance con­
vertor. In my-: opinion the system is 
unstable for any practical application 
because it contains a positive feedback 
amplifier whereas a current inversion 
negative impedance convertor is essen­
tially a negative feedback circuit. In fact 
it is nothing else but a voltage controlled 
voltage source having a gain equal to 
(ZL +  /?2)/Z l  connected in series to a 
resistance Rx a s . shown in Fig. 1. In 
other words an amplifier with parallel 
derived and series fed negative feedback, 
having a feedback factor
P =  ZL/(ZL +  R2).
The input impedance of this circuit is 
—ZL when Rx — R2.
A A A / 1-------
Fig. 1. Ideal n .i.c . circuit (dotted lines enclose 
a voltage controlled voltage source)
v w
Fig. 2. Franklin’s circuit (dotted lines enclose 
positive feedback amplifier)
Fig. ',3 . Practical n .i.c . circuit (dotted lines 
enclose negative feedback amplifier)
w v
Fig. 2 shows the. bare essentials of 
Franklin’s circuit. Dotted lines enclose a 
positive feedback amplifier.
The idea of using a long-tail pair is 
however attractive from two points of 
view:
(a) A lower h.t. supply may be used.
(b) If the input impedance of the one 
transistor appears across the input ter­
minals and the input impedance of the 
other transistor across the output 
terminals of the negative impedance 
convertor, then the two impedances 
being of the same magnitude they com­
pensate for each other and lower values 
of gn  (=  input admittance which should 
be zero) result.
A possible practical circuit is shown 
in Fig. 3. The circuit now uses a negative 
feedback amplifier and the discrepancy 
of Franklin’s circuit is eliminated.
Yours faithfully,
A .  A n t o N i g u ,  
Battersea College of Technology.
The correspondent replies:
D e a r  S ir ,—The question of whether 
a circuit is stable or not cannot ade­
quately be discussed until all the circuit 
impedances are defined. An isolated —R, 
if not ‘ held down ’ by series positive 
resistance >  R, would certainly not settle 
to a stable voltage.
In a practical n.i.c.’ the stability will 
similarly depend upon the admittances 
connected to the respective ports, as 
touched upon originally at the .end  of 
my second paragraph. Going from his 
Fig. 2 to Fig. 3, Mr. Antoniou inter­
changes the circuit ports', a process 
which, performed upon an ideal n.i.c.,. 
will leave its behaviour unchanged. Fig. 1 
is imperfect as an equivalent circuit be­
cause it does not show the terminals to 
which ZL norm ally connects, so no con­
clusions can be drawn concerning this 
circuit with the transposed connexion.
Turning to the original diagram, it 
will be seen that the feedback applied 
at C is such as to tend to maintain the 
voltages at A and B equal (e.g. if 
Rz — R6, equal currents would be re­
quired, flowing both towards or both 
away from C). Whether this feedback is 
positive or negative depends upon the 
port into which the test perturbation 
current is injected (or across which a test ■ 
voltage is applied) and, of course, the 
termination of the other port.
For the simple case in which RA and 
Rb are. connected to A and B respec­
tively, for instance, the circuit will 
remain stable if
Rb - R ± < R J ( G -  1)
It follows that both and Rb can 
be short-circuits or, with suitable R2 and 
R&, open-circuits, and that B may be
short-circuited while A is open, though 
not vice versa.
Yours faithfully,
D. P. F r a n k l i n ,  
EMI Electronics Ltd.
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NEW ACTIVE RC SYNTHESIS 
PROCEDURE USING KSGATIVE- 
IMPEDANCE CONVERTORS •
A  new network configuration is in tro­
duced which may be used in active R C  
network synthesis. I t  uses a  voltage- 
controlled voltage amplifier having nega­
tive gain equal to unity and a  voltage- or 
cu r re n t- in v e rs io n  n eg a t ive- im pedance  
convertor.  A  synthesis procedure is 
eventually described using the new 
configuration.
In the past, several circuit configurations 
were used, in negativc-impedance-con- 
vertor (n.i.c.) RC  network synthesis by 
Linvill,1 Yanagisawa,2 Kinariwala,3 Sand­
berg,'1 and Sippress.5 Each author has 
proposed a synthesis procedure to  be 
used in conjunction with his own con­
figuration. In  this letter a  new circuit con­
figuration is proposed. A synthesis p ro ­
cedure is accordingly described which can 
be used in conjunction with the new circuit 
configuration. This circuit is shown in 
Fig. 1. The voltage gain of this circuit is
F o u t —_____ ( - J k l 2 ( n ) )  -  ( -  J l 2 ( b ) )  m
Fin A>2(a) + ik22<b) — Yl '
To achieve realisation an appropriate 
polynomial decomposition is performed 
on the transfer function, which is made to 
look like eqn. 1. Suitable expressions are 
then assigned to — y 12<a), — y22(a), 
_y22(6) and Yl. The expressions assigned to
o u t .
Fig. 1 New circuit configuration
the short-circuit admittances are chosen 
so as to satisfy the Fialkow and G erst 
conditions, and in this way networks N-4 
and may be synthetised using Fial- 
kow’s and G erst’s m ethod.6’ 7> 8 The ex­
pression assigned to  Y l  has the properties 
of a driving-point admittance, and so it 
may be synthetised using any one of the 
four canonic forms.
The transfer function to be realised is
O  D(s) • • • • • • •  (2)
and has a num erator and a denom inator 
of degree n.
Let D(s) =  R^s) +  R2(s) -  R3(s) . (3)
where R3(s), R 2(s) and R3(s) have distinct 
.negativejreal zeros, JCfs) and R 2(s) have 
n or 72 — 1 zeros and R3(s) has n — 1 
zeros. W hen R x(s) has n zeros, R2(s) may 
have n or n — 1 zeros, and when Rz(s) 
has n zeros, Rx(s) may have n or n — 1 
z e ro s .. ,.' v . ;
Similarly, let
N & ^ P J s )  — R>(s) ■ . . . . (4)
where Pfs)  and P.,(s) may have zeros 
anywhere in the left-hand side of the 
s plane. They may also have zeros in the 
right-hand side of the yplane, provided 
that their coefficients are positive.
By normalising eqn. 2 with respect to 
an arbitrary constant K, then, from  eqns. 
2, 3 and 4,
T(s) [Pi(s)/K] — [P*(s)/K]
K Ms) + Ms) ~ Ms) '
The coefficients of P1(s)jK and P2(s)/K 
are chosen to be equal to or less than the 
corresponding coefficients of Rfs)  and 
Ms).
A n arbitrary polynomial Q(s) is chosen, 
having n — 1 zeros which alternate with 
the zeros of Rfs),  Rfs)  and Rfs),  so that 
the forms Ri(s)/Q(s), R2(s)/Q(s) and 
RMIQ(s) are driving-point admittances.
By dividing the num erator and the 
denominator of the right-hand side of 
eqn. 5 by Q(s) and equating it to  the 
right-hand side of eqn. 1, the following 
assignments can be made:
T.12( a )
y  12 (P =
J’2;(») ==
> ’22
Yl =
X
V in
PMjIK 
Q(s) 
P2(s)/K- 
Q ( s )  
Ms)  
Q ( s )  • 
Ms) 
Q(s) ‘ 
M s )  
Q ( s )  •
m
K ' - 01)
Network ~HA has an open-circuit trans­
fer function
- 7i2(a) Pi(s)/K
T , J a)
y  22 ( a ) M s )
(12)
Similarly, network N s  has 
=Jh2(b>T(s)<» P  z ( s ) / K  
M s ) ~  ■ {  }
Since the expressions associated w ith 
^(s). and T{b)(s) can be m ade R func- 
ions6 by m aking the constant K  large 
iiough, networks 'N A and can be 
spanded into RC tree developments 
sing Fialkow ’s and G erst’s .procedure 
iven in Reference 6. - 
It may be shown that the decomposi­
te  given by eqns. 3 and 4 are always 
ossible for rational and stable transfer 
actions. Therefore any stable and 
iional transfer function having a nu- 
srator of degree n or less and a  de- 
minator of degree n m ay be syn -' 
ttised.
The negative-impedance convertor may 
/  tRR m irrprn- or the voltage-inversion 
j o be replaced by a voltage-
ge amplifier having a posi- 
vo, as shown in Fig. 2a. 
age amplifier, the voltage 
:uit is doubled. Since the 
er has zero output im- 
: network connected in
tandem with the system will not produce 
any loading effect. Then many stages m ay­
be connected in tandem without inter­
stage isolating amplifiers.
Fig. 2b shows a typical network having 
a transfer function given by
j 2 — 6s +  12
T ( s )  =  pr (14)+  6s +  12 • *
A simpler synthesis procedure is ob­
tained by replacing the two-port net­
works by inverse L  networks. This p ro ­
cedure is similar to  one described by 
McVey.9
X
(6) -1
(7)
(8)
n.i.c.
(9) —VW '--rVW v- )
. . . U
o u t
(10)
b
Fig. 2a Circuit using a voltage-controlled 
voltage amplifier of gain +2 instead of an 
n.i.c. ■
Fig. 2b Typical network simulating a 
second-order delay
Conclusions i
A new circuit configuration which may j 
be used in  active RC network synthesis j 
has been described, and a  m ethod for ' 
applying Fialkow’s and G erst’s synthesis • 
procedure has been explained. S in ce! 
many sections o f this circuit may be ! 
cascaded w ithout interstage isolating ; 
. amplifiers, the fact that it uses two active 
elements, is no t a disadvantage. Using 
Fialkow ’s and G erst’s m ethod, two 
degrees of freedom exist: choice of Q(s) 
and choice of decomposition given by ; 
eqn. 4. This may be used to  obtain net- ; 
works which are less sensitive to  element : 
variations.
A . a n t o n i o u  16th August 1965
Department of Electrical Engineering 
Battersea College of Technology 
London SW11, England
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M r. A ntoniou’s com ments are correct: I have overlooked his 
contribution. A t the tim e of writing my letter, I  was con­
vinced that its main theme was novel. I feel that the use of an 
amplifier o f gain 2 to produce an n.i.c. circuit and give 
interstage isolation at the same tim e may prove im portant in 
future practical application, and deserves perhaps m ore 
emphasis than  is given to it in M r. A ntoniou’s letter. How­
ever, credit for realising this possibility should, o f course, go 
to  M r. Antoniou.
j .  g o r s k i - p o p i e l  4th January 1966
Associated Electrical Industries Ltd.
Advanced Development Laboratories 
Telecommunications Group 
Blackheath, London SE3, England
RC ACTIVE N E T W O R K S  ' ' j
The idea of J. Gorski-Popiel,1 of using a. voltage-controlled - •
voltage amplifier of gain + 2  to achieve negation and isolation I 
simultaneously, is not new. It was first used in the n.i.c.~RC
synthesis procedure given in Reference 2. Its applicability to * .
other synthesis procedures using a negative driving-point 
impedance3 is fairly obvious.
a .  a n t o n i o u  '/ ' ■ 29th December 1965 •;
Electrical Engineering Department -
. Battersea College o f Technology, London SW11, England
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